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Ethyl chloride, ethylene dichloride and ethylene dibro- 
mide play an important part in the manufacture of anti- 
knock compounds for combustion engine gasolines. 


Uniformly high quality GLC Graphite Anodes play an 
important part too—in helping the electrolytic industry 
meet the growing civilian and defense needs for chlorine 
and caustic soda. 
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INTRODUCTION 


Consumption of Sdéderberg electrodes in the 
United States totals approximately 300,000 tons per 
sae 180,000 


annually in Canada. Most of this is consumed in 


while another tons are consumed 
furnaces for the production of aluminum. Lately, 
however, & number of large carbide furnaces in the 
USA have been provided with Séderberg electrodes 
so that its use is now considerable in smelting 
furnaces. A discussion of conditions existing in the 
considerable 


Séderberg electrodes is, therefore, of 


interest. 
wy . ’ 7," “YTD . » TL 
SODERBERG ELEcTrRODE PASTE 


Carbon electrode paste is made of material like 
calcined anthracite—alone, or with petroleum coke 
or pitch coke mixed with a carbonaceous binder 
such as a medium pitch. Exact composition of the 
paste depends on the product of the electric furnace, 
ie., in aluminum pots the paste must be made from 
petroleum coke or pitch coke in order not to intro- 
duce impurities into the produced metal. In most 
other cases, caleined anthracite is used predomi- 
antly. When first developed, the paste for Séder- 
berg electrodes in Norway was made as closely as 
possible to the paste used for prebaked carbon 
electrodes. The latter are pressed from a rather dry 
paste in heavy hydraulic presses, or by other high 
pressure means. This could not easily be applied to 


the Séderberg electrode since it is made up in 


place over the furnace in which it is used. It was 
generally believed that it would not be possible to 
make in this way an electrode which would compete 


successfully with prebaked electrodes. During the 
lirst tests it became evident that conditions pre- 
ailing in the Séderberg electrodes during baking 


radically from those of prebaked electrodes. A 


much sotter paste is required in order to attain 
“alisiactory operation. The production of a_ self- 

uscript received March 12, 1954. This paper was 
pre} lor delivery before the Chicago Meeting, May 2 to 
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The paper discusses the difference between electrode paste 
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ABSTRACT 


as used for prebaked elec- 


trodes and Séderberg electrodes. Baking conditions in a self-baking electrode are de- 
scribed. The quality depends on the calcining temperature of the dry material. New 
equipment giving improved baking conditions for the electrode is described. 


baking electrode is an art which cannot be under- 
stood from the previous procedure. 

Actually, it was found that Séderberg electrodes 
were highly improved in quality with increase in 
binder. The reason is that the baking zone in the 
electrode during its use is more or less horizontal, 
moving slowly upward as the electrode is lowered 
into the electric furnace to make up for electrode 
consumption. The soft paste in the upper part of 
the electrode rests with its weight on the baking 
zone and settles as the first volatiles are driven off 
during baking. Volatiles cannot rise in the electrode, 
but must escape downward through the pores of the 
already baked electrode and out the casing. This 
GO00"C), 
the 
carbon are cracked, leaving a considerable amount 


part of the electrode is incandescent (800 
and descending tar vapors passing through 
of carbon in the pores. This condition is illustrated 
in Fig. 1 and 2 which apply to a Séderberg electrode 
in a closed steel furnace and in an aluminum furnace, 
respectively. 

Cracking of the volatiles can be studied easily in 
the laboratory by passing tar vapors slowly through 
a porous carbon electrode at temperatures between 
600 


show a decided improvement in the quality of the 


800°C. Results of such experiments (Table I) 


electrode paste with higher carbon deposition. Thus, 
2-3 % 


more than 150 kg/em*. 


carbon increases the crushing strength by 
Evidently, the quality of a Séderberg electrode 
depends on the amount of tar fumes forced through 
the porous part of the baked electrode. Actually, the 
content of binder in the electrode paste is made as 
high as practicable—under ordinary conditions, 
1-10% more than in a paste used for prebaked 
electrodes. The actual content of binder in the paste 
depends on conditions and must be adjusted to the 
raw material of the electrode as well as to circum- 
stances prevailing in the electrode while it is in use. 

This condition may be illustrated by saying that 
there is no upper limit to the amount of binder 
that may be used in the Séderberg paste, but there 
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Fic. 1. Temperature zones in a Séderberg electrode in a 
teel furnace 








Green paste 
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Fic. 2 Temperature zones and baking zone in a Séder 
berg aluminum anode. 


is a decided lower limit, which is sufficiently high to 
render this paste useless in prebaked electrodes. 
Ordinarily, 18% binder is minimum. 


On CALCINING OF ANTHRACITE AND 
PETROLEUM COKE 


These materials are calcined prior to use in the 
Séderberg electrode paste because volatile matter 
must be driven off, and shrinking of materials 
during calcination finished, before the binder is 
mixed in. If not, the electrode will crack during 
operation because volatiles of the binder are driven 
off at a lower temperature than the last fraction of 





TABLE I 


Increase in 


; ° : Apparer 
Temp, °¢ weight 0bms/m/mm? a 
No gas passed 128 1.38 )3 
700°C 1% 106 1.38 XY) 
700°C 3.2% 4 1.42 ih 
SO0PFC 2.3% 105 1.43 348 
TABLE Il 
Anthracite Electrode Paste Baked 
Fone | Bh pet. | ee | ee ee cee 
Pe ‘ohms/m/mm? *°nten NOB | ohms/m/mm 
\ 810 21 14.7 102 152 
B 1280 19 12 104 4 


volatiles contained in the dry materials. Shrinking 
takes place at temperatures where volatiles hs 
been evaporated. 

For these reasons it is necessary to calcine ra 
materials at about 1200°C or more. The higher th 
calcining temperature, the more complete {| 
shrinking and the higher the absolute density of ; 
material. It has been found, however, that it 
important not to calcine at a higher temperaty 
than necessary. The higher the calcining temper 
ture the more binder is needed for production of « 
electrode paste of a certain viscosity at operat 
temperatures. Many laboratory tests have be 
carried out showing that wetting the surface of th 
raw materials requires more binder, the higher th 
calcining temperature (Table IT). 

This table shows that an anthracite with high 
resistance because of better wetting produces 
much stronger electrode of approximately the san 
electrical conductivity. 

These experiments show the importance of carry 
ing out calcination under strictly controlled co 
ditions. Actually, the best temperatures must 
ascertained for each type of carbon materia 
Previously, calcining furnaces used for anthracit« 
over the world were electric shaft furnaces throug! 
which anthracite passed vertically. The materia 
produced has been found to be heterogeneous alti 
calcination because electric current in the anth 
cite or coke concentrates in certain paths by virt! 
of the increase in conductivity with temperatur 
The calcined anthracite produced in these furnaces 
would therefore tend to be overheated along t! 
center part of the furnace, while materials passil 
down the furnace walls would not be fully « 
cined. For petroleum coke, a gas- or oil-fired © 
tating kiln has been adopted to advantage. A high 
temperature must be used for anthracite. 
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In orde: to caleine under fully controlled, even 
in improved electric calcining furnace 
eveloped.? It is a rotating tube furnace, 
hich is provided with graphite electrodes. 
ised to pass electric current through the 


dition 
has heen 
ia part ol 
These art 
sihracite, and temperature can be increased under 
ametly controlled conditions. Volatiles are burned 
aj used to preheat the charge before it enters the 
heating zone at 600° 900°C. The power consump- 
of such a furnace is only 300-500 kwhr/metric 
4, of calcined anthracite. In comparison, the previ- 
ys electric Shaft furnace ordinarily consumed about 
0-1 100 kwhr/metrie ton. A furnace of about 50 
¢ons of calcined anthracite per day is now operating 


Norway. 
SeLr-BAKING OF ELECTRODES 


rhe quality of the baked Séderberg electrode, 
produced from a given electrode paste, is governed 
4 the rate of baking and the efficiency of pyrogenic 

wking of volatiles in pores of the electrode during 
the baking process. This is considered more fully in 
terms of conditions prevailing in a smelting furnace 
sich as a carbide furnace. 


Descent of the electrode into the smelting fur- 


ace depends on the electrode consumption, which 
again is dependent on the particular process carried 
out in the furnace. Ordinarily, dimensions of the 
electrode are determined by conditions existing in 
the furnace. It is therefore not possible to control 
electrode consumption in inches per day. Consump- 
tion, however, is practically even during operation 
the furnace, which is continuous. The baking 
process progressing through the electrode during 
the operation is, however, not only governed by 
electrode consumption per day, but also to a large 
extent by slipping of the electrode through the 
iter-cooled electrode holder. The baking condi- 
ons Will be very different if the electrode is slipped 
through the holder frequently in short lengths or 
seldom, but farther each time. In ordinary smelting 
lurnaces the baking zone in the electrode is found 
inside the water-cooled electrode holder in such a 
way that the electrode is ready baked in the lower 
part of the holder but unbaked in the upper part of 
|. Thus, the electrode takes the shape of the holder, 
and a good electrical contact is obtained. It is easy 
to determine the shape and place of the baking 
zone by introducing a long rod through the soft 
green paste in the upper part of the electrode. 
Ordinarily, electrode consumption in furnaces 
lor the produetion of carbide and ferrolloys, as 


as in steel furnaces, amounts to approximately 


20) day, according to conditions. Slipping 
igh cooperation between Elektrokemisk A/S and 
P| lth & Co. A/S, Copenhagen. 


SODERBERG SELF-BAKING ELECTRODE 189 


electrodes weighing 15 tons or more through the 
holder has always been an awkward operation. The 
ordinary practice has been to slip the electrode at 
least 4-10 in. at a time. As seen from the baking 
zone, Fig. 1, every slip moves the baking zone 
downward in relation to the holder. After each slip- 
ping, the baking proceeds rapidly until the baking 
zone has again reached the starting position, where 
the cooling effect of the electrode holder reduces the 
baking rate strongly. After each electrode slip tar 
vapors in the baking zone are driven off very fast, 
and more violently the farther the electrode is 
slipped at each time. Since tar vapors must escape 
downward from the baking zone through the baked 
part of the electrode, such violent development of 
volatiles may easily result in accumulation of gas 
pressure in the electrode whenever the baking 
proceeds too fast. 

At first it was the practice to make holes in the 
electrode casing in order to let tar vapors escape as 
easily as possible. This has disadvantages because 
the vapors condense on the electrode holder where 
they mix with dust and disturb the electrical con- 
tact. The most important drawback to this practice 
is that the tar vapor is not broken up sufficiently 
in the electrode pores. Thus, it has been found 
better to use a gas-tight electrode casing whereby 
the tar vapors must pass through a large part of 
the incandescent baked electrode. The baked elec- 
trode ordinarily has a porosity of 25% or more so 
that it is easy for gas to escape through this part of 
the electrode, provided it is developed rather 
evenly. If baking does not proceed slowly and 
evenly, gas pressure in the electrode may make it 
swell, and perhaps burst. (Fig. 3) 

The paste swells between about 300°—400°C, de 
pending markedly on rapidity of the temperature 
rise. Under ordinary conditions it does not affect 
the quality of the electrode. Best baking conditions 
are obtained if the electrode can slide continuously 
through the water-cooled electrode holder. For 
practical reasons this cannot be effected satisfac- 
torily. It is necessary to let the electrode slide 
through the holder at intervals. However, baking 
of the electrode progresses more evenly, the shorter 
the slipping. Therefore, the equipment used for 
slipping should be remotely controlled by hy- 
draulic, pneumatic, or similar means. 


ELECTRODE HOLDER 


Details of the electrode equipment must vary 
for different furnaces according to conditions. One 
of the most difficult applications is to tilting fur- 
naces. Séderberg electrodes have been adopted in 
such furnaces in some important installations in 
Norway, Sweden, Finland, France, and Italy. How 
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Fic. 3. Change of volume with the temperature during 


baking 
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Fic. 4. Automatic slipping device 


ever, conditions prevailing in these furnaces have 
presented particular difficulties for the following 
reasons: 

|. Electrodes are ordinarily tilted with the fur- 
nace, which increases strain on the electrode. 

2. Operation is batch type. There is little op- 
portunity of resetting the electrode holder during 
heats. 

3. Electrodes are ordinarily lengthened outside 
the furnace. Operation is therefore semicontinuous. 


APPLICATION TO MELTING FURNACES 

Electrode holders generally used in electric steel 
furnaces in Europe consist of 3 parts, one fixed and 
two gripped closely around the electrode like 
hinged jaws. The jaws are operated by means of a 
tangentially arranged screw. Ordinarily the holder 
is reset after each tapping during which the elec- 
trode is allowed to rest on the charge or on the 
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furnace bottom. Conditions can be 
operating the jaws by pneumatic or h 
sure. However, it is difficult to use 
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during operation and to control slippi 






as desired 





unless the electrode is allowed to rest 0: the chares 








or the furnace bottom. 








In order to obtain good baking cond) jong jy the 





electrode, a hydraulic or pneumatic dey 





© has heey 





developed’ which allows perfect contro! 
by simply turning a valve. The holder is shown 
in Fig. 4. The hinged jaws have been maintaines 





of slipping 














but the tangential screw has been replaced by , 





spring-operated pressure device which Clamps the 





jaws onto the electrode. The spring pressure may hy 





released for slipping by applying compressed gir 


or 





fluid pressure. 





The slipping length is controlled by an automatica|\y 





operated stopping device arranged on the electro 





at the top of the holder. The stopping ring js |ikp 





the holder except that ordinarily it has no curr 





supply and is situated lower on the electrode. [t \ 





clamped around the electrode by  fluid-operate 
springs exactly like those of the holder. [t cont 





slipping by being clamped on to the electrod 
ing the slipping. The electrode is stopped as so 
the ring hits the top of the holder. It is connect 







to and engages the holder with vertically arrang 





springs. These springs are compressed during s\ij 





ping so that they automatically return the stopp 





ring to the initial distance above the holder as s 





as the ring is released. During regular operat 





both holder and stopping ring clamp on to the « 





trode at the correct distance. 





Ordinarily a slippage of 1-2 in. at a time is ) 





mitted, This insures a very smooth and sale m 





ment under conditions which allow favorable bak 





of the electrode. The W hole process is carried oul 





operating a couple of valves connected with ¢! 





electrode holders of the furnace. 





Fig. 5 shows an electrode holder as installed 





10-ton steel furnace of Christiania Spigerverk 





Oslo. The holder has been tried out for more t! 





3!o years and has now been adopted for otli 





furnaces in Norway and Sweden. It has contribut 





very much toward improving operating condit 





in steel furnaces. In Scandinavia, where the ch 





is between graphite electrodes and Séderberg 





trodes, consumption of the Séderberg type ts son 





what less than twice that of graphite electrode 





while the cost of Séderberg electrodes is only aby 





13-14 the cost of a graphite electrode. This app. 
to electrodes of 600-700 mm diameter. Ac 








electrode consumption in a 25-ton furnace 





Christiania Spigerverk has been about 67 





metric ton of steel (cold charge). 





* By Elektrokemisk A/S. 
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plies | \utomatic slipping device for larger electrodes 
\PPLICATION TO SMELTING FURNACES 

AR 1} 


ipping arrangement described above has 
n successfully applied to Sdéderberg elec- 


furnaces for calcium carbide, ferro-alloys, 
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Fic. 7. Electrode with mantle as Fig. 8 


Fig. 8. Cross section of a baked Séderberg electrode 


under oxidizing conditions 


and the like. Electrodes in such furnaces are ordi- 
Details 
have been changed to meet the requirements of 


narily larger (up to 40-60 in. diameter). 


these big electrodes. Ordinarily, they are carried by 
an electrode holder which is suspended by a per- 
manent iron casing surrounding the electrode for 
protection against dust and excessive heat (no 
baking is wanted above the electrode holder). This 
arrangement is shown in Fig. 6. The stopping ring 
is arranged at the top of the permanent iron casing 
and is designed for remote handling hydraulically. 
This makes possible a simple and perfectly con- 
trolled slipping process. Previously, slipping was 
controlled by applying Wisdom ribbons which were 
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Fic. 9. New electrode mantle for steel furnace electrodes 
Christiania Spigerverk ; 


welded to the electrode casing and consumed with 
the electrode. 

The electrode holder has also been changed to 
hydraulic or pneumatic operation. This has greatly 
improved safety factors. At the same time, these 
electrode holders have been arranged inside a water- 
cooled, cylindrical casing which allows extension of 
the holder into the furnace through the furnace 
roof. Thereby the length of electrode from the 
lower end of the holder has been reduced, improving 
the electric conditions and simultaneously reducing 
strain to the electrode. 

sy slipping the electrode as described here, it has 
proved possible to simplify design of the iron casing 
with ribs which are filled with the electrode paste. 
The shape of the casing should be decided upon in 
each individual case. In melting furnaces a great 
deal of work has been done to improve the shape 


of the casing ribs also. 


THe Evectrrope CaAsInG 


The iron casing of the Séderberg electrode as 
described originally (2) is used in most furnaces all 
over the world. It insures good operation in most 
cases. but it has the drawback that the ribs form 
slots in the electrode periphery. This is a disad- 
vantage if the furnace atmosphere is somewhat 
oxidizing, as in a steel furnace. In such a case, the 
lower part of the electrode may take on the shape 
shown in Fig. 7. Similar conditions are met in 
FeMn furnaces owing to O,. development. This no 
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Fic. 10, Another method to avoid lengthwise slot 


baked electrode in steel furnaces (Sandviken 


doubt weakens the electrode and increases electrod 


consumption. 


Fig. 8 shows an arrangement of ribs wher 


continuous lengthwise slots have been avoided 
Fig. 9 shows an electrode of this type in a ste 


furnace of Christiania Spigerverk. 
A somewhat different arrangement has _ be 
developed by Sandvikens Jernverk in Swed 


(Fig. 10). Even here the ribs form no slots in th 


periphery of the electrode, and they have be 


interconnected in such a way as to strengthen th 


electrode in the direction of tilting. 

Both of these casing shapes are used in steel tu 
naces, but from operating results it has not yet be 
possible to decide which shape is better. 

This paper has dealt mostly with electrodes 


smelting and melting furnaces. Their use in alu 
minum furnaces is so different that it would 1 


quire a separate paper. It has therefore be 
necessary to leave out this interesting applicatio 


Any discussion of this paper will appear in a Discuss 
Section to be published in the June 1955 issu 
JOURNAL. 
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Some Experiments with Seale Models of Electrothermic 


Furnaces’ 


Ouur Cur. BOCKMAN 


Elektrokemisk A/S, Oslo, Norway 


ABSTRACT 


Reproduction of temperature distribution in furnaces of different size is shown, by 
dimensional analysis, to require direct proportionality between power input and linear 
dimensions of the furnace, if transfer of heat by conduction is a controlling factor. Ex- 
periments with scale models indicate the importance of correct temperature gradients as 
a criterion of similarity. A 1:5 linear seale model of an industrial furnace for calcining 
anthracite has been successfully run according to this criterion. The principle has been 
extended to electric smelting furnaces with good results. 


INTRODUCTION 


Several authors (1-6) have compared the size of 
the 
size of the electrodes, with the power input to the 


ndustrial electrothermic furnaces, especially 
furnace at normal operation. Industrial furnaces Are 
designed and operated to give the best operating 
ud economic conditions, which conditions are in- 
cidentally carried into the comparison. The range 
of furnace sizes compared is relatively narrow, as 
the comparison naturally is limited to existing 
ndustrial furnaces. 

In this paper, a different point of view is adopted. 
For research and development on electrothermic 
processes and furnaces, it is advantageous to per- 
form experiments on small scale apparatus. The 
furnace 
size and a method of operating the furnace as a 


iim, therefore, is a drastic reduction of 
true model of an industrial furnace. 
\ccording to the established theory of models 
7-9), physical and chemical processes taking place 
the industrial furnace, the prototype, must be 
reproduced in the model. Usually it is not possible 
to reproduce all processes taking place in the pro- 
totype, if processes of inherently different nature 
are involved. This is certainly true in the case of 
many electrothermic furnaces. It is then necessary 
to evaluate the over-all importance of the different 


physical and chemical 


order to find 
the rate-determining or controlling factors. 


processes, In 


Disregarding for the moment all other factors, it 


seems natural to concentrate attention on the 
tion of heat. Obtaining high temperatures is 
essential to all electrothermic processes, which 
. are sensitive to even small changes in the 
ratures reached. Moreover, the temperature 
of ndustrial furnace is not uniform within the 


huseript received March 12, 
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reaction zone, but usually large temperature dif- 
ferences may be set up, which, in turn, impose 
definite conditions of the reaction zone. Thus it is 


necessary to reproduce not only the maximum 


temperature obtained in the prototype but, more 
significantly, the temperature distribution of the 
reaction zone. 

Temperature differences are set up by the evolu- 


tion and flow of heat. be 


Evolution of heat may 
controlled by the power input to the furnace. The 
flow of heat does not lend itself so readily to any 
control, except by deliberate design of the furnace 
and mode of operation. 

In the reaction zone of an industrial furnace heat 
transfer by convection probably is insignificant. 
Radiant heat transfer may be important in some 
processes (2). It is felt, however, that heat transfer 
the 
through the walls of the furnace is most important 


by conduction through furnace charge and 
as far as temperature distribution of the reaction 
zone is concerned. It is assumed that reproduction 
of flow of heat by conduction is essential to the 
correct functioning of the model. 

The correctness of this assumption may be tested 
for the simple case of a furnace where processes 
other than heat conduction are unimportant. Elec- 
tric shaft furnaces for calcining anthracite are espe- 
cially well adapted for this demonstration. 

In more complex cases, e.g., electric smelting fur- 
naces, other physical processes or even chemical 
reactions may to some extent become controlling 
factors. The over-all rate of the process may de- 
pend on diffusion of gases, e.g., diffusion of carbon 
the 
Diffusion in slag and or 


monoxide for reduction of metallic oxides. 


metal may also be im- 
portant, e.g., for reduction of metallic oxides in the 
slag by solid carbon, or reactions between slag and 
metal such as desulfurization of pig iron. Such dif- 


fusion processes usually are speeded up by any 
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turbulence set up by flow of the fluids, and so the 
pattern of gas flow or any stirring of liquid phases 
may be of importance. Even secondary physical 
processes may be important and, therefore, of a 
controlling nature. Thus, separation of metal and 
slag may be slow, or gas velocities may be high so 
as to nearly lift the burden. And any chemical reac- 
tion may become a controlling factor if the rate of 
the purely chemical reaction is low. 

The importance of reproducing flow of heat by 
conduction even in these more complex cases may be 
demonstrated by the successful operation of models 
of smelting furnaces according to this criterion. 


DIMENSIONAL ANALYSIS 


The total power to a furnace is dissipated in the 
following three ways: (a) heating the charge to 
reaction temperature; (b) supplying energy to match 
the heats of chemical reactions; and (c) heat losses. 
(or 


P=at+ @ + 4: 


where P power input and the q’s are heat terms. 


The energy balance of a correct model must 
show the same distribution of the power input to 
the three heat absorbing items as is found in the 
prototype. Thus, the ratios gq, P, gq P, and q;/P 
must attain the same values in the model as in the 
prototype. 

The parts of the power input q required to heat 
up the charge, and gq, to match the heats of chemical 
reactions are necessarily proportional to the rate of 
feed, w. Heat losses to the surroundings by condue- 
tion through the furnace charge and walls must 
set up in the model the same temperature differ- 
ences in the reaction zone as are found in the pro- 
totype. This implies that temperature gradients in 
the model are larger than those in the prototype 
by the ratio of linear dimensions of prototype to 
model, since the same temperature difference shall 
be set up in the correspondingly shorter distance. 
By Fourier’s equation for the conduction of heat, 

dT 


~ 1/D 
dD f 


the flow of heat per unit area is directly propor- 
tional to temperature gradient. D is taken as a 
representative linear dimension, e.g., the diameter 
of the furnace pot. If thermal conductivity, k, of 
furnace charge and walls are equal for corresponding 
points in model and prototype, the flow of heat per 
unit area is inversely proportional to linear dimen- 
sions of the furnace. The total heat losses by con- 


duction dissipated from the surface of the furnace 


are then found by multiplying with area, or 


Wy 195 


gai ~ A/D~ D 











The model law then becomes 











P~wr~qa~D 





















The same results are obtained by a form dims 
sional analysis of the problem, which shows thy 
the dimensionless groups we/kD (Graetz). })) 






(Nusselt), and a special dimensionless group P kD] 





must attain the same values in the mode! 
prototype. Here, ¢ is the specific heat and / 
heat transfer coefficient. 





IS the 





From the constancy 
these groups is directly read 















P~ D 





If Ohm’s law is applicable, and if electric resis 





a 


tivity of the furnace charge is equal for mode! 





prototype, the ohmic furnace voltage will be eq 





for the two furnaces. This is seen from th 


iy 





stancy of the dimensionless group Pp/DE?, wit! 





Ey = ohmic furnace voltage aud p electric resistivity 
If the power input to the model is not made strict) 






proportional to the linear dimensions, or if elect 





resistivity of model furnace charge differs from that 





of the prototype, the furnace voltage will be giv 


by 






k? ~ Pp D 





Discussion oF Mopet Laws 





The following consequences may be deduced fron 





these model-to-prototype relationships: 





1. The linear velocity of any stream of materials 





is inversely proportional to linear dimensions of th 





furnace. 





2. The time necessary for a particle to pas 
through the furnace is proportional to the squar 
of linear dimensions of the furnace. 

3. The electric current density (e.g., in the ele 
trodes) is inversely proportional to the linear 
dimensions of the furnace. 

If all extensive properties (mass, quantit) 
heat, electricity, ete.) are considered proportions 
to the cube of linear dimensions, the three points 
may be stated collectively by saying that the tim 
scale is proportional to the square of linear dime! 
sions. By heating or cooling of solids, temperaturt 
distribution is known to be a function of the Fourie! 
number, k@/p,D?, 


relationship between time and linear scales. @ 


which clearly points out this 
time, and p is density. 

If no other process than heat conduction is rat’ 
determining, operating conditions of the prototyp 
will be completely reproduced in the model by this 
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jrangencnt. If all parts of the system are reduced 
., scale. viz., lump size of the furnace charge re- 
iced to scale, any diffusion process in the proto- 
type will be reproduced in the model, which is seen 
‘om the formal correspondence between thermal 
nd material diffusion. In addition, if gas velocities 
ve low, the pattern of gas flow will be reproduced 
» the model, because the modified Reynolds num- 
er, based on particle size, will attain the same 
value in prototype and model, 

lwo factors of practical importance may, how- 

er, upset this simple relationship between proto- 
‘ype and model, viz., rapid flow of gases and slow 
hemical reactions or changes of physical structure 
vithin the reaction zone, 

In a 1:5 linear scale model, the velocity of any 
vas stream is five times the velocity of the corre- 
sponding gas stream in the prototype. The ratio of 
If the 
velocity pressure of gas flow is important in the 


elocity pressures is correspondingly 25:1. 


prototype, the model will not function correctly in 
this respect when the operation of the model is 
based on the criterion of equal temperature dis- 
tribution. This is the case when appreciable amounts 
of gases are evolved by the process. In the model, 
the velocity pressure of gas streams may then be- 
ome exceedingly large, to the effect of lifting the 
burden of the furnace. It is impossible to reproduce 
correctly in the model both temperature distribution 
ud velocity pressure, and a compromise must be 
made between the two conflicting demands. 

The reduced time scale of the model requires, for 
the correct functioning of the model, that any 
chemical reaction or change of physical structure 
that takes place in the prototype shall occur in the 
model in a correspondingly shorter time. This is 
possible only if chemical reactions or changes of 
structure are sufficiently rapid to be no rate-deter- 
mining step, even on the shorter time scale of the 
model. Fortunately, this requirement seems to be 


met in many cases, but in other cases the reactions 


bviously are too slow, and a compromise must be 


) 


made between the conflicting demands. 


PRACTICAL APPLICATIONS 


1) 


models of electric shaft furnaces for calcining 


© theory has been applied to the operation of 


anthracite and to models of electric smelting fur- 
naces for the production of pig iron. 


lig. | shows the principle of the furnace for cal- 
eH anthracite. Raw anthracite is fed to the top 
ol the furnace; on descending it is heated to cal- 
en temperature by passage of electric current 
het n top and bottom electrodes, and _ finally 


ged at the bottom. 
aleining anthracite only small volumes of 
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Feed 





Jop electrode 


—Retractory wall 






——*furnoce steel shell 


—£ottom electrode 


eb——_Werer jocket 








Dischorge 





Fic. 1. Principle of the furnace for calcining anthracite 


TABLE I. Operation of a 1:5 linear scale model of 


calcining furnace 


Prototype Model 
Power input, kw 735 112 
Rate of feed, kg/h 640 94.3 
Furnace voltage, v. 54 dO 
Energy consumption, kwhr/kg 1.15 1.19 
Temperature of discharge, °C 380 325 
Klectrical resistivity of product 
Q mm?/m 450 500 


rases are evolved, and the velocity pressure of gas 
flow is unimportant even in the model. By calcina- 
tion, the anthracite is changed from an electrically 
nonconductive material to a conducting substance 
by the expulsion of volatiles and change of physical 
structure, reactions which are very rapid. If the 
theory developed is sound, it should be possible to 
reproduce the process correctly in a model. 

A 1:5 linear scale model of a 750 kw industrial 
furnace was built and operated according to the 
theory. The correct flow of heat through the furnace 
lining was obtained by water-jacket cooling of the 
furnace steel shell. 

Table I shows the corresponding figures for pro- 
totype and model. The voltage used for the opera- 
tion of the model was slightly less than required 
by theory, because the transformer used could not 
give the correct voltage. Correspondingly the power 
input is somewhat less than required by theory. If 
the formula £2? ~ Pp/D is used, observations check 
with theory on the assumption of 13% higher re- 
sistivity of model charge. The smaller burden 
weight in the model may reasonably count for this 
effect. 

Measurements of temperature distribution of 
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6HO00-kw prototype 


prototype and model check well, and the quality of 
the product is well reproduced as indicated by the 
measurements of electrical resistivity. 


The operation of a 1:4 linear scale model of one 








TABLE II. Operation of a 1:4 linear scale n 
electrode of a three-phase 7500 kva pig iron { 


Prototy pe 





Power input, kw 
Ohmic voltage, electrode to 


hearth, v 65 fi) 
Knergy consumption, kwhr/kg 2.5 2 5) 
% FeO in slag 1-2 9 
% C in pig 3-4 { 
% Si in pig 1-2 


electrode of a three-phase 7500 kva pig 


ron ft 


nace was undertaken to test the theory for the 





of a smelting process. Table II shows that obse 





tions check reasonably well with theory eve 
this more complicated system. Operation of 
furnace was somewhat difficult, obviously caused 
the increased velocity of the gas flow. Metallurg 
conditions of the prototype were, however, 
reproduced, as indicated by the analyses of 
and metal produced. Reproduction of — speci 
energy consumption is of special interest, becaus 
energy consumption of a process usually IS Of pl 
mary importance. Operation of this model o1 
variety of raw materials has shown remarkab| 
correspondence to the operation of industrial fu 
naces on the same types of raw materials. 

The conclusion is that it is possible to simulat: 
operating conditions of industrial smelting furnaces 
by use of scale models. 


Any discussion of this paper will appear in a Discuss 





Section to be published in the June 1955 issu 
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The pH in Chlorine-Caustie Electrolysis by the Mercury 


Cell Process’ 


LARS BARR 


Division of Applied Electrochemistry, Royal Institute of Technology, Stockholm, Sweden 


ABSTRACT 


Anolyte composition in mercury cells for chlorine-caustic electrolysis is calculated 


as a function of pH. and the relation between anodic current loss and the anolyte pH is 


derived. Reactions between anodic and cathodic by-products and dependence of the 


cathodic current loss upon the anolyte pH are also discussed. Finally, certain com 


ponents of the feed brine which affect pH of the anolyte are examined. It is demon 


strated that optimum current efficiency with respect to both chlorine and caustic can 
not be reached if pH of the anolyte is greater than 3, that stirring the cathode film, e.g., 


by solid particles on the mercury surface, decreases current efficiency, and that alka- 


linity of the feed brine, which must not exceed a certain value, is made up of the follow 


ing concentrations: 


OH} + 2/CO3} 


INTRODUCTION 


Several investigations have been carried out on 
the influence of various process variables on cur- 


efficiency in chlorine-caustic electrolysis by 


th the mereury and diaphragm cell processes. 


thus, in a number of laboratory experiments, 


estimated cathodic current efficiency 


Taussig (1 
the mercury cell process as a function of amal- 
m concentration, current density, temperature, 


d salt concentration, i.e., brine flow. Johnson (2) 
measured anodie current loss as a function of cur- 
ut density, temperature, and salt concentration. 


However, no investigation seems to have been 


published concerning the influence of pH of the 
electrolyte. 


[he mercury process is run in various ways, 


ng to brine methods, material 


purification 


problems, ete., with good results; consequently 


the question of pu may seem to be of minor im- 
portance, and the allowed pH range compara- 
ely vide 

lhe purpose of the following calculations is to 


emo! 


trate more exactly the pH range suitable 
lor the mereury cell process. 


MLECTROLYTE EQUILIBRIUM COMPOSITION 


Besides NatCl-, H.O, and its ions, the follow- 
ig substances may occur in brine because of 
chlorine dissolution and anodic reactions: Cle, 
Cl, HCO, ClO~, and ClO; (3-5). In practice, the 
anode material is graphite; therefore, the system 


CO) H.O is also present. Activities of these 


script received August 31, 1953. This paper was 
or delivery before the Chicago Meeting, May 2 to 


[HCO;} + 


197 


[ClO 


particular substances in equilibrium will now be 
calculated as functions of hydrogen ion activity 
(}H;O0*}, at 25° and 60°C and total 
| atm. 


pressure of 


The chlorine system is defined by the following 
equations, in which braces, |}, denote the activity 
in mole/l and ‘‘(aq)”” means that the substance is 
dissolved in water: 

tH,OT PLC} {HCO} 


= Ki{H.OV~K | 
}Clo(aq) } sidaitite U1) 


and 


tH,O7 PY ECT YP {Clos } 


, = Ki{H.O}!;~K. [2 
| Cle(aq) }* ss . [2] 
both involving electron exchange, and 
[HOT } {CLO} ” ; 
jt ' = K,{H.O} ~ K, [3] 


| HCIO} 
involving proton exchange. 
The carbonic acid system is defined by the fol- 
lowing equations, both involving proton exchange: 


|} H3;0° | } HCO; | 


HCO.) = K.,{H.O} ~ K,, [4] 


and 


|H;07} {COs} 


= K,.{H.O} ~ Ky 5 
HCOs' Kyo} He Ky» 15) 


If the water activity is assumed to be constant, 
which is an approximation, the right hand sides of 
equations [1-5] will be constant. 

From investigations of Jakowkin (3) and Sand 
(4, 6), 
tem can be calculated. Jakowkin investigated the 


equilibrium constants of the chlorine SVS- 
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HCIO equilibrium, equation [1], at 
peratures between 13.4 


various tem- 
and 57.5°C, while Sand 
studied the chlorate equilibrium, equation [2], at 
20° and 70°C, and the protolysis of HCIO, equation 
3], at 17° and 70°C. 

If concentrations of the diluted systems studied 
are assumed to be identical 
following values are obtained: pK, (25°C) 
pK, (25°C) 11.24; pA, (25°C) 
(60°C) 3.02; phe (60°C) 
7.09; where p —log. 

MacInnes and Belcher (7, 8) estimated the 
values of K,, and AK,» at 25° and 38°C, which give: 
PK (25°C) 6.34; pA (25°C) 10.25; 
(60°C 6.26: pK x» (60°C) 10.12. 

The following equation was used for interpola- 


with activities, the 
3.80: 
7.36; pk, 
11.04; pA, (60°C) 


pk el 


tion or extrapolation which had to be carried out 
and 60°C. 


to 25 


dink AH’ 


dT RT? 6] 


in which 7 = absolute temperature, R 
constant, and A/f/® 
The 


interval concerned. 


the gas 
standard enthalpy change. 
latter was considered constant within the 

As a general condition, it is now assumed that 
Clo(aq) and H.COs, activities are constant at con- 
carbon dioxide 


stant chlorine and 


pressures, re- 
spectively, and at constant temperature. Since in 
this case activity is defined with reference to an 
infinitely dilute solution, it cannot be considered 
equal to the partial pressure of the gas, but only 
proportional to this pressure. 

Provided the gas phase is ideal, the following 
equation chlorine 


concerning the system is ob- 


tained: 


|Cle(aq) } Ki cie Pew [7] 


in which p is the pressure in atmospheres and A, 
the thermodynamic solubility constant in mole/] 
atm. K).c was calculated by Whitney and Vivian 
(9) in the temperature range 10°-25°C, the ae- 
tivity coefficients being assumed equal to unity. 

At 25°C the value of the constant pK, ¢» (25°C) 
is 1.21. If their figures at 20°-25°C are extrapolated 
to 60°C with pA, cc. as a linear function of 1/7, 
the value pK) cw 1.92 is obtained. Since such a 
long extrapolation is comparatively unreliable, the 
60°C figure has also been calculated from an old 
investigation by Gay-Lussac (10), who measured 
the solubility of chlorine in water at various tem- 
peratures between 0° and 100°C. After correction 
for the HClO formation according to equation [1] 
and with the activity coefficients equal to unity, 
the figure pA, ci (60°C) 


value is used here. 


1.82 is obtained, which 


In the same way, the COs system j 
the equation: 


| 
Tine hy 






}HeCOs} Ki cos ‘Pecos 






PK) co, was calculated from the abs 


pt lO} 
efficient of 


COs. in water at 25° and «% 






After correction for HCO; formation according , 
equation [4] and with activity coefficie: ; 
unity, the following values were obtained 
(25°C) 1.47 and pk, co, (60°C) 1.80) 

A mercury cell is generally operated in the 
centration range, 250-310 g/l NaCl, so the , 
librium calculation will be carried out for both 2% 
and 310 g/l NaCl. 

If activity coefficients of the univalent jons 





equal 






: pk 












assumed to be 0.9 (12) at both salt concentras) 





and both temperatures, which is an approximat 
due to rapid alteration of the coefficients jn +! 









concentration range, the following chloride 
activities are obtained: p}|Cl~}| (250 gq | () 38 
PIC} (310° g/1) -0.68. Approximate 
value —~0.6. 





The gas phase composition is characterized 











Voi. r Doo T Vu T Vio l atm 








in which pPyoo 
60°C (13). 

If the dried chlorine gas contains, for exam 
1.0% COs and 0.5% He, Der, (25°C) 0.96 ati 
Vei, (60°C) = 0.83 atm, Deo, (25°C) O.O10 ati 
and Peo, (60°C) 0.0084 atm. 

From equations |7| and [8] the Clo(aq) and H.C 
23; pt HC 
(60°C) 


0.025 atm at 25°C and 0.1 





activities are: p}Clo(aq)} (25°C) = 
(25°C) 3.47; pi Ch(aq)} 
p{HsCO;} (60°C) = 3.88. 
According to Sherrill and Izard (5), Clo(aq 
NaCl forms Cl, ions 
such a great extent that they cannot be neglect 
The equilibrium constant {Cl;}/}Cl-}p 
0.01 atm~ at 25°C and hence p}{ Cl, | (25°C 
From equations {[1—5] logarithms of the act 


concentrated solutions 


ties of the substances can be obtained as function 
of p}|H,0*}, i.e., of pH: 














pi HClO} —pH picr} 
+ pi{Ch(aq)} + pA, (trom 
piClo'} —2pH — piCl} + pi Ch(aq)} 





+ pK, + pK, (from [1] and 


PICIOs | —6pH — S5p}Cl } 


+ 3p{Cl(aq)} + pA, (from |- 
pt} HCO, | —pH + p}H.CO;} 


(from |4 


+ pk sl 

























































































i ‘/ 
TABLE I 
25°C worC 
gl) 08/1 | Vine | 2508/1 | 31061 | Yaige 
5.16 5.26 5.2 5.50 5.60 5.6 
2.52 | 12.62 12.6 12.59 | 12.69 12.6 
7.83 | 18.33 18.1 19.64 20.14 19.9 
Q I] 9.81 9.8 10.14 10.14 10.1 
2.06 20.06 20.1 20.26 20.26 20.3 
9 | | 
= | | | i £47 ‘ | } 
7 
/ fj | / 
Oke + xO} } } ; 9 , 
9 v G 
ex gf ¥ Slijtagy |_| 
—s ° . A. i. - 
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-6 
a 
2 4 6 8 lo /2 
pH 
Logarithms of activities in mole |-' for the sub 
considered as a function of pH at 25°C 
CO 2pH 4 PL HeCOs} 


PK + pK. (from [4| and [5| 


the constant terms of modified equations 


)) are combined, we obtain: 


p{HClO} = —pH + a 
pi Clo -2pH + b 
PICIOs | -GpHl + e¢ 
pi HCOs } -pH +d 
pi Coz} -2pH + « 


lhe values of the constants are given in Table I. 

ln practical operation, uncertainty of a pH 

measurement appears in the first decimal and, 

ording to Table I, the influence of decreasing 

meentration during electrolysis is of the 

sume order of magnitude as uncertainty of a meas 

ired pil value. Therefore, a mean value has also 

heen tabulated, which will apply to the whole 
concentration range of a cell. 

| shows that chlorate activity will be 


mostly influenced by a temperature change, and 
th activities of the chlorine and carbon di- 
oxide systems will decrease with increasing tem- 
perature at constant pH. 

liv | and 2, giving the logarithm of the activity 


Ol ¢ dissolved substance vs. pH, were drawn 
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Fic. 2. Logarithms of activities in mole l~! for the sub 
stances considered as a function of pH at 60°C. 
using mean values of the constant terms at 25° and 
60°C, respectively. 

The Cl; line of Fig. 2 is drawn with the assump- 
tion that the relation {Cl; }/{Cle(aq)} is constant 
between 25° and 60°C. Then p{Cl;} (60°C) 
2.1. 

In the figures the OH 
as calculated from the equation: 


ion activity was drawn 


pi\OH-} -pHi + pk, 110] 


in which pA, (25°C 


13.02 (14). 


14.00 and pk, (60°C) 


A Practical Equilibrium Diagram 


The alkaline part of the Figures | and 2 can 
evidently never become actual, since [Nat] ~ 
(Cl-| and the solution must be electrically neutral 
at a sufficient distance from the electrodes. (Square 
brackets indicate concentration in mole /1.) 

Fig. 3 was drawn using concentrations instead 
of activities at 60°C. It was then assumed that 
activity coeficients of the ions are constant within 
the pH range and equal to 0.9. This figure is ap- 
proximate and was extrapolated from a diagram 
applying at 25°C (12). According to an investiga- 
tion of the solubility of chlorine in various salt 
solutions at room temperature (5), the activity 
coefficient of Cleo(aq) is about 4 in this concentra- 
tion range. This value was also used at 60°C in 
Fig. 3 for both Cl.(aq) and HCIO, which also con- 
stitutes an approximation. 

In Fig. 3, the pH range greater than 5 and less 
than 1 was excluded, as well as substances whose 
concentrations are smaller than 1 mmole/| at 
pH 1-5. The water concentration was also cal- 
culated from specific gravity of the solution at 
60°C, 1.150 with 280 g/l NaCl (15). The equations 


belonging to Fig. 3 are: 
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TABLE II 





pH 1.20 4.00 ; 






Pe ‘ 
hg log Cl. (active) 2.07 | —1.78 

















+ trolyte composition and pH are defined by 





condition of electrical neutrality: 
























° . - [Nat] + [H,0*] = [CI] + [Clg] + (Clo) jp 
=) xz Ry . Fig. 3 shows that the chlorate equilibrium op. 
= 9 Ox be centration increases greatly with increasing pH. 4; 
Clot pH values greater than 3.3 this chlorate conten: « 

—~ ——| 26 1 so great that solid phases will form (17). If, {y 
Wa th example, the process is operated at pH 4, chlor; 








Ry ions cannot be in equilibrium with other chloriy 
— v components of the brine, and chlorate will fory 


continuously. 


























/ 2 a 5 Chlorate Formation Rat 


3 
pH The rate of chlorate formation from dissoly 


chlorine is comparatively slow. It has been inves 
Fic. 3. Logarithms of concentrations in mole |-' for t= gated by Foerster (18), and according to his 
substances considered as a function of pu at 60°C 1 A > . 
sults chlorate formation follows the reaction: 






p|H,0+ | pH + log 0.9 ~ pH 2HCIO + ClO~ + 2H.O 






piCl —0.6 + log 0.9 ~ —0.6 »>CIO, + 2H,07* + 2Cl 








1.9 + log 4 ~ 2.5 





p|Cle(aq)| The chlorate formation rate is then proportional | 
. ara : wT . e “at ‘ » (NW) 
rfCly} 21 + log 0.9 ~ 2.1 the square of HCIO concentration and to th 


concentration: 












an * Ke mo — 
p\HClO} pu 5.6 + log 4 pu 6.2 CIO aos, 
| kL HCIOP (ClO 
p{ClOs] = —6 pH + 19.9 dt 
+ log 0.9 ~ —6pH + 19.9 in which k& is the rate constant and ¢ the time 
Foerster gives the value of 1/¢ log [ClO |, [C10 
p[H.0] lees 1150 — 2380 17 min~' at 19.5°, 35°, and 49°C and various HC 
wv} 4 . : Ke ' : 
18 concentrations. Since, after having been tran 
Furthermore, the figure contains a curve giving formed into the natural logarithm system, 
the concentration of ‘‘active chlorine,” defined by expression is equal to k{[HCIO/’ in seater 
the expression: the rate constant can be calculated: &(19.5°( 
0.974, k(35°C) 3.72, and k(49°C) 13.8 
[Cl,(active)| [Clo(aq)] HW min mole. By means of graphical extrapolat 
+ (Cl;] + [HCIO , with log & as a function of 1/7’, the value /& (60° 







39 l/min mole? is obtained. 


The curve obtained for active chlorine agree% In a mercury cell, chlorate may also be form 





very well with an experimentally determined curve electrochemically at the anode and reduced at |! 
giving the concentration of active chlorine as a cathode. Murray and Kircher (19) analyzed 
function of pH in concentrated, chlorine-saturated anolyte and anode gas of American diaphragm 





NaCl solutions. This agreement decreases the un- and calculated various components of the anoé 
certainty introduced by use of approximate ac- current loss. They reported that the electrochem 


tivity coefficients and the {Cl; }/{Clh(aq)} relation 







chlorate formation below pH 4 is of the same ort 
at 60°C. Thus, Brinnland (16) obtained the values of magnitude as the chemical one expressed 

shown in Table II at 65°C, 0.995 atm total pres- reaction [13] at the same pH. According to Foers'' 
sure, and 310 g/1 NaCl. (20), the 






reaction mechanism of eleetrochem 
If sodium ion concentration is known, elec- chlorate formation implies ClO~ discharge 





Vol. 1U 


oxygen 
format 
sy MuUC 
predon 
Sine 
and ™ 
ye ap] 

Fig. 
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oxygen formation at the anode. This type of chlorate 
‘mation increases with increasing pH, but not 
much as the chemical one (reaction [13]) which 
wedominates at pH values greater than 4 (19). 
” Cine node reactions are the same in diaphragm 
nd mercury cells, Murray and Kircher’s results 
m applicable also to the latter. 

Fig. 2 shows that {HCIO} = 2.5 X 10° and 
C107} 2.5 & 107 at pH 3 and 60°C. If these 
ilues are substituted for the corresponding con- 
optrations in equation [14], the chlorate formation 


te CIOs |/dt = 6 XK 10-" mole/l min is ob- 
ined at pH 3. At pH 4 and pH 5 the value is 
» xX 107 and 6 X 10°* mole/|l/min, respectively. 


‘hus, the chlorate formation rate is significant 
y at pH values above 4, because of the small 
»tent of the chlorate forming substances, HCIO 
d ClO~, at lower pH values. 

\ccording to Sand (4) the chlorate decomposition 


Jiows the reaction: 


C10, + 2H,0+ + 2Cl 

(15) 
>2HCIO + ClO~ + 2H.0O 

hich is evidently the inverse reaction to that 
hich Foerster (18) proved for chlorate formation. 
Sand reported the rate constant of the reaction at 

nin 0.56 * 10-% min 
If the rate constant is assumed to be increased 
25 times by a temperature rise of 10°C, and if the 
ues of Fig. 2 for ClO;, H;O*, and Cl at pH 3 
used, the decomposition rate of ClO., —d 
ClO;| di, is 4 & 10- mole/l min at 60°C. This 
ecomposition rate is of the same order of mag- 
tude as the above calculated chlorate formation 
te at pH 3, ie., the chlorate concentration is in 
librium, which agrees with the equilibrium 

liagrams constructed above. 
Contrary to chlorate formation, acid formation 
weurs Instantly (4), and probably the equilibrium 
meentrations of HCl and HCIO are reached even 

| the first anode which the brine touches. 

The result of these calculations of electrolyte 
OMPOsSITIOn 18 verified in the investigations by 


und Kircher (19). 


\vopeE Process AND pH or THE BRINE 


O1 the substances included in Fig. 3 will be 
onsidered. 
he desired anode reaction may be separated 
nto electrochemical” part: 
2C] > Clo(aq) + 2 116] 
and hysical’”’ part: 
hysical” part: 
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Cl.(aq) — Clo(g) [17] 


in which (g) means that the substance is gaseous. 
With reference to combined reactions [16] and 
[17], the anode potential is: 


+ f,(i) (18] 


in which e; is the standard potential of reaction [16] 
and [17], F the Faraday constant, and f,(7) the cur- 
rent density dependent chlorine overvoltage. 

Anodic current loss is represented by a number of 
reactions, which may be divided into two groups: 
(a) “‘water electrolysis’’: 


6HLO — O.(g) + 4H;0* + 4e [19] 
or with graphite oxidation included: 
C(s) + 6HLO — CO.(g) + 4H;0* + 4de~ [20] 


in which (s) means that the substance is solid, and 
(b) “chloride electrolysis’’: 


Cl- + 2H.O — HCIO + H,0+ + 2e- [21] 


Cl- + 9H.O — ClO; + 6H,0+ + Ge (221 


In the first group of side reactions, irreversible 
reaction [20] predominates, since the ancde gas 
generally contains about 1% CQO. and small quan- 
tities of Os as well as air. This reaction causes not 
only current loss but also graphite loss. 

The anode potential e, is, according to reaction 
[19]: 

ae RT) {O.(g)} {H,07}* 


{F 1 H.O}* + fo(r) [23] 


in which es is the standard potential of reaction 
[19], and f.(7) represents the current density de- 
pendent polarization. 

é, is fixed by equation [18], and is evidently in- 
dependent of pH of the solution. Since {HO} is 
constant, the following equation is obtained at 
constant current density and temperature, pro- 
vided that fe is independent of variations in brine 
composition : 


d log }Ox(g)} td pu [24] 


As {Oo(g)} is proportional to Peo, in the gas 
phase, carbon dioxide content of the anode gas 


and graphite loss of the cell increase with pH ac- 
cording to the equation: 


d log Vco 


id pH [25] 


In the “chloride group” current loss can be 
partly recovered as chlorine gas by brine dechlorina- 
tion after electrolysis. Furthermore, since no graph- 


ite loss or contamination of the gas phase is caused 











TABLE IIL 


Anodic current loss, 


pH of anolyte log (Sa 1 
3.0 1.8 0.5 
3.5 2.6 +O] 
t.0 5.1 +0.6 
1.5 15.8 1.2 


by this group of reactions, it may be regarded as 
less harmful than the former. 

By forming corresponding expressions for ¢, for 
reactions [21] and [22], and by keeping all quan- 
tities constant except }HCIO}, {|ClO;}, and |H,O0*}, 
the following relations between these variables are 
obtained: 


d log }HCIO} 


d pul 126] 
and 


d log {ClO, ! 6d pu [27] 


These equations have already been derived in 
equilibrium calculations above. It has also been 
shown that chlorate formation will not always reach 
equilibrium in the cell. 

If the logarithm of equation [14] is taken and 
PIHCIO} and p[ClO~| vs. pH inserted, the following 
expression is obtained: 





d\ ClO; | 
£ 


log = 4pH + a constant [28] 
dt 
and after differentiating: 
CIO; | 
dig = 4d pi (29] 


( 


Evidently, the chlorate formation rate increases 
with pH in a similar way as equilibrium activities. 

The above calculations demonstrate that anodic 
current efficiency increases with decreasing pH of 
the anolyte. Composition of the latter is given by 
the equilibrium diagram in Fig. 3. This result is not 
affected by mechanisms of the particular reactions, 
e.g., if hypochlorite and chlorate are formed “chemi- 
cally” through internal electron change or “electro- 
chemically” through electron delivery to the anode. 

This result is also confirmed by Murray and 
Kircher (19). Under constant experimental condi- 
tions, they obtained the relation shown in Table III 
between anodic current loss, s,, and pH of the 
anolyte. 

Current loss due to the anolyte content of Clo(aq) 
and Cl;, which are entirely lost in the diaphragm 
process, and current loss due to sulfate content of 
technical brine are both independent of pH. If 1.5% 
is subtracted from total current loss as a correction 
for pu independent current losses, the logarithm of 
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the remaining pH dependent current Jo 







Will be. 
come a linear function of pH, which acty. ly 
fies relations derived above between losse. ayqd nit 





This is demonstrated in the last column of ‘T. 
IT] 


In the above derivation of equilibrium 






OMpos 
tion of the electrolyte, certain constant chlo, 





and carbon dioxide pressures in the gas p! 






ist Were 
assumed. Composition of the latter is, of cours 
changed with the current efficiency, but at a moder. 





ate change of current efficiency, change of chloriy, 





pressure is not so great that derived equilibriyy 
diagrams are affected. As to the carbon dioxid, 
system, it has been shown that its presence jy ¢j 







electrolyte may be neglected. 





CATHODE Process AND pH oF THE Briyi 





Since, in dilute mercury solutions, sodium 





probably dissociated into sodium ions and 





electrons, the desired cathode process implies 





merely a phase boundary passage by sodium jo 


Nat*(aq) 





> Nat(Hg) () 






Simultaneously, the mercury cathode is suppli 





with electrons externally: 






(Hg) 


f > ¢ 






in which (Hg) means that the substance is dj 






solved in mercury. 





According to this way of regarding the reactio 





which was used by Brénsted (21) in studies of re: 





tion mechanism for dissolution of metals in acids 





sodium ions participate only in a “physical” rea 





tion at the cathode, which is probably complet 






reversible. Since other current efficiency decreas 





cathode reactions also take place, reaction 





must occur a little faster than reaction [30). Th: 





rate difference is defined by loss reactions, wh 





may be divided into two groups as for the anod 





ones, “‘water electrolysis”: 







2e(Hg) + 2H.O — 20H- + Hi(g) ) 
and “chloride electrolysis”: 
2e-(Hg) + Chfaq) — 2Cl 4 






2e-(Hg) + ClO~ + H.O 






>Cl + 20H 





be-(Hg) + ClO; + 3H,O 






> Cl + 60H 






Cathode reactions are written in alkaline tor 





as the liquid film near the mercury is alkali 





which may be calculated from the hydrogen ove’ 





voltage and the electrode potential electrolyt 





amalgam. 





Vol. If 


The 
eondit 
with « 
9) it 


de} 


Ni 











yo. 10 


Vol. 101 


The cathode potential, e, is —1.8 volts under 
onditions prevailing in a mercury cell operated 
vith 30 amp/dm* (22). With reference to reaction 
y be written: 


32) it n 
RT {H.O}" ; a 
ea + In = ) — fs(r) [36] 
) 2F = |OH~}*| Ha(g) } 
which ¢; is the standard potential of reaction [32] 
and f,(¢) the hydrogen overvoltage. 
\ecording to Glasstone (23), hydrogen over- 


voltage is independent of the pH of the solution. 
fafel (24) reported that overvoltage increases with 
urrent density according to the formula f;(%) = 
.+ bin 7, a and b being constants. If the cell gas 
ontains, for example, 0.5 % He and the cell is operated 
th 30 amp/dm* of mercury surface, the current 
lensity of the hydrogen discharge is about 1.5 ma 
m. With this current density the hydrogen over- 
voltage should be 0.9-1.0 volt at room temperature 
wording to Knobel (25). Glasstone (23) reported 
that hydrogen overvoltage on mercury decreases 
th increasing temperature, 2.1 mv/°C, so the 
wer figure is assumed to apply at 60°C. It is also 
sumed to apply to mercury containing a little 
sodium 

[he standard potential e; is —0.83 volt at 25°C 
%}). and, after correction for temperature change 
{ the water constant A, (14), a value of —0.86 is 
tained for 60°C, 

If hydrogen is assumed to be discharged as gas 
ibbles on mercury, and if {H.O} = 1, the follow- 
g equation is obtained at 60°C, from equation 


- og +. 02088, I pa 
8 = —0:! og — ().! 
2 5 OH }2 
hich gives the result piOH ; =~ O, or at 60°C 
pH = 13. 
The value is, of course, very uncertain, since 


certainty in overvoltage and probably also in 
athode potential amounts to some tenths of a volt. 
However, it may be concluded that the cathode 
lm of a mereury cell is more alkaline than the 
bulk of the electrolyte, which is represented in Fig. 
, and that pH of the film is certainly greater than 
’. Moreover, the value changes along the perpendic- 
war through the 
SUT ACE 


cathode film to the mercury 


and is therefore dependent on the point of 


the cathode potential measurement. 

In « series of kinetic studies on decomposition of 
sodium amalgam in various solutions, Brénsted 
and Ross Kane (21) found that the decomposition 
rate reased greatly with decreasing pH. The 
imaigam contained 0.055% Na, and the lowest 


pl 7.5, 


fast to be measured reliably. This agrees 


under which value the reaction rate 
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—— idle — " 
Bt naccanen as 
Electrolyte Na* Cl- Cle(aq) Cla ClO;- | HCIO H;O* HO acid | 
= 7 + — eS 4 
Cathode film Na* Cl- Cle(aq) Clim ClO; |ClO- H:O OH™~ base | 
; ‘ ane oe 7s Ss | | 
Mercury Nat e Hg ea mens <, t 


Fic. 4. Sketch of the composition of the bulk of the 
electrolyte, the cathode film, and the mercury phase. 


with the above estimation of alkalinity of the 
cathode film. 

As with the anode, the following equation is ob- 
tained by differentiating equation [36] with all 
variables }OH~} and {H,(g)}: 


constant, except 


d log {H2(g)} = 2d p {OH7} 
[37] 
= —2d pH 
Reactions [34] and [35] also become faster as pH 
33] 
which implies that the desired anode product is 


of the cathode film decreases, while reaction 





consumed at the cathode is independent of pH. 
The that current 
efficiency increasing pH of the 


discussion shows cathodic 


increases with 


cathode film. 
INTERACTION BETWEEN ANODIC AND 
Catuopic Loss REACTIONS 


Owing to alkalinity of the cathode film and high 
reaction [30] 
predominates over reaction [32], and the mercury 


hydrogen overvoltage on mercury, 
process is rendered possible. The process may con- 
sequently be disturbed by substances which neu- 
tralize the cathode film or catalyze hydrogen dis- 
charge by decreasing hydrogen overvoltage. Among 
other substances, vanadium, chromium, and molyb- 
denum belong to this latter group (27). However, 
such contaminated systems are outside the scope 
of this investigation. 

It has been shown that a certain alkalinity of the 
film near the mercury is essential for the process. 
At pH values between that of the bulk of the elec- 
trolyte and that of the cathode film, HCIO is pro- 
tolyzed to ClO 
composition of the acid electrolyte, the alkaline 


. A qualitative representation of the 


cathode film; and the mercury is given in Fig. 4. 

Since in the electric field OH 
the cathode film, and H,O* ions migrate toward 
the cathode film, OH™~ ions of the film thus lost 
must evidently be replaced. This is done according 


ions migrate from 


to reaction [32] or by chlorine reduction as in reac- 
tions [34] and [35]. The resulting current loss can 
never be avoided, and consequently current. effi- 
ciency can never reach 100%. 

With a knowledge of migration rate, the mag- 
loss can be estimated. If a 
diaphragm between the acid electrolyte and alkaline 


nitude of this current 
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cathode film is imagined, [OH~]-u_-X mole OH 

ions/sec migrate through | dm? of the diaphragm, 
and in the opposite direction, [H,O*|-u,-X mole 
H,O* ions/dm* sec, in which u is the ionic mobility 
in dm/sec at the field strength 1 v/cm and_\X is the 
field strength in v/em. At 60°C the mobility of 
OH~ ions is 33 X& 10-° dm/see v/cm, and that of 
H.O* ions 52 X 10-5 dm/see v/em (28). These 
ionic mobilities must be corrected because viscosity 
of the salt solution is higher than that of pure water. 
According to Angel (29), the change is defined by 
the formula: 


U2 “i(mi/ 2)” 38] 
in which m is a constant 0.614 for H,O* ions 


and 0.718 for OH~ ions, and y the viscosity. If the 
viscosity of water at 60°C, 0.469 centipoise (30), is 
inserted for m and the viscosity of a 25% NaCl 
solution at the same temperature, 1.11 centipoise 
(31), for me, we obtain for OH-, u 1I8-10-° dm 
sec vem, and for H,O*, u, 31 XX 10°-° dm see 
v/em. The specific conductivity of the salt solution 
at 60°C is 0.43 ohm™' em‘ (15). With the current 
density 7 amp/dm* the field strength X is 7/43 


v/cem.,. 


The pH of the alkaline side being assumed z, 
that of the acid side y, and the current loss 
caused by these ion migrations s,, the following 


equation is obtained, since 7 amp/dm° corresponds 
.- 
to 7/96500 moles of electrons sec dm and since 


pK ,(60°C) = 13 (14) (provided that the activity 
coefhicients 1): 
i-s, 96500 i-18-10-5-107-"* /43 
39) 


This formula gives the minimum cathodic cur- 
rent loss for different pH values of electrolyte and 
cathode film at 60°C. It is independent of current 
densits 

For example, pH 3 and pH 11 inserted in equation 
| give s; 0.5%, pH 3 and pH 10 give s 


By stirring the electrolyte, more acid than that 
corresponding to these electrolytic migration rates 
may penetrate into the cathode film. {t is evidently 
important that the streaming state of the cathode 
film should be laminar. Turbulence of the cathode 
film decreases current efficiency since alkali neu- 
tralized thereby must be re-formed. Furthermore, 
chlorine diffuses more easily into the cathode film 
and reacts according to equations [33-35]. Solid 
particles floating on the mercury act as stirrers on 
the cathode film and thus interfere with the process. 

This effect may possibly be the reason why the 


vertical cell built by the Germans during World 





War I] in order to save floor space ney: 


same current efficiency as the traditiona 
cell (32). 


According to Fig. 4, the acid/base coupe Hoy, 


TIZONt 


ClO~ is present at the boundary bety. .¢ 


trolyte and cathode film. HClO is instaytly , 
tolyzed to ClO~ at a pH between t! of 


electrolyte and that of the cathode film Wing 
the stirring influence of the anode gas hybh 
around the anodes at only a few millimeters dista, 
from the cathode film, HCIO may easily reach 4 
reaction zone. If the effeet of H.O 
toward the cathode in the electric field is neglers, 
HCIO should decompose the cathode film jy + 
same manner as H,O*. 

Consequently, cathodic current efficiency 
creases both with increasing H,O* and inereas 


HCIO concentration in the electrolyte. Accord 


to Fig. 3, concentration of (H,0*% + HCIO) reaches 


a& symmetrical minimum at pH 3. Provided ¢| 
a certain HCIO concentration in the electrolyte | 
about the same neutralizing effect on the catho 


film as a like concentration of H.O*, which has 


been only argumentatively derived above. 
cathodic current efficiency reaches a svi 
maximum at about pH 3. 

This pH value, at which the acid concentrat 
reaches its minimum, only changes by a few ter 
of a unit within the generally applied temperat 
range, which is shown by a comparison of Fig 
and 2. 

Since anodic current efficiency decreases 
increasing pH, the pH of the electrolyte should 
exceed this value, pH 3, by very much. 

Unfortunately, this result cannot be illustra 
by any electrolysis experiments, but it is ki 
from practical experience that H» content of the g 
generally increases with both exceptionally lig 
alkalinity and acidity of the feed brine. Hows 
the scientific basis is lacking, since these matt 
have been investigated very little. Proba! 
catalytic phenomena also have an influence. 

At pH 3 and 60°C the equilibrium value ol 
IClO;] is 1.9, i.e., the chlorate concentratio 
1.3 g/l NaClOs. Under these conditions chlor 
formation and decomposition rates are sma 
Above pH 4 in the electrolyte, chlorate format 
begins to be very strong, which has been show! 
calculation of the electrolyte composition abov 
is known practically that if mercury cells are su 
plied with alkaline brine, chlorate may accumu 


in the system, unless a special device for chloral 


decomposition is installed. This was the case in | 
so-called IG process (33). Chlorate is not harm! 


to the process, but, since chlorate accumulation ! 
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the bl must be prevented, construction and 
eration costs of the plant are increased if the 
ne supplied is alkaline. Because of chlorate 
ormat pH of the brine should consequently 


exceed pH 4, which is reconcilable with the 
dit that due to other current losses pu of the 
slectrolyte should not exceed pH 3 very much. 


Discussion OF Mosr SurraBLe Composition 


FOR Freep BRINE 


\ecording to the foregoing discussion, feed brine 
wht to have such ‘a composition that pH of the 
bulk of the electrolyte, which in this case may be 
represented by the depleted brine, is less than pH 3. 
\; demonstrated by the reaction formulas, anodic 
wrent loss implies acid formation, and the cathodic 
we alkali formation. Composition of feed brine is 
msequently dependent on all factors which affect 
rent efficiency when a certain pH of the elec- 
trolvte is desired. 

Experience shows that, in general, depleted brine 
is more than 1 g/l chlorine and pH 4 when the 
feed brine is “‘soda alkaline.”” In most cases it is 
sufficient to lower pu of the feed brine, after the 
ecipitation of CaCO; and Mg(OH)» in alkaline 


Jution. to about 7 in order to obtain less than 


g | chlorine and pH 3 in the electrolyte. 

It should be noted that not only OH~ but all the 
sie components of the feed brine, which consume 
protons during the pH decrease which occurs during 
the saturation with chlorine in the cell, define the 
ikalinity of the brine. 

If, for instance, composition of the feed brine is:0.10 

chlorine, 0.30 g/l NasCO,, 0.040 ¢ 1 NaOH, 

then at 25°C and pH 11 the molar concentrations 
re: (C10 0.0014, [COs] = 0.0028, |OH-} 
0.0010, and the total alkalinity IClO-] + 21COs] 

OH] 0.0080 mole /l. This corresponds to a 
lorine and earbon dioxide free solution with pH 12 
i 25°C 

This explains why hydrogen content of the gas 
generally increases with increasing chlorine concen- 
tration in the feed alkaline. 
Chlorine content in the brine increases alkalinity 


brine, when it is 
which might previously have been near the allow- 
able limit. 

If the process is operated at pH 3 under constant 
experimental conditions with good results, and if 
the feed brine is becoming more acid, then acid 
formation at the anode decreases, and base forma- 
ion at the cathode increases, which reactions both 
counteract the effect of the decreasing pH of the 
feed brine. If, on the other hand, the brine is getting 
more alkaline, acid formation at the anode increases, 


and also base formation at the cathode, because 
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then the HCIO concentration of the electrolyte in- 
creases. In this case it is evidently not certain that 
the influence of change in brine composition is 
counteracted by the cell. If OH~ formation at the 
cathode should predominate over H;0* formation 
at the HCIO 


would increase and loss reactions “ 


anode, content of the electrolyte 
catalyze” them- 
selves, until the extreme case is reached, in which 
the cell works as a chlorate or hypochlorite cell and 
the gas phase contains hardly any chlorine and only 
hydrogen and carbon dioxide. Therefore, too al- 
kaline brines may seem to be more hazardous than 
too acid ones. 

In a plant with brine purification it is thus neces- 
sary to be sure that the sum [OH~] + 2{/CO;| + 
[HCO;] + [ClO-| is not too great in the purified 
solution which is supplied to the electrolysis system. 

On the other hand, in a plant which is operated 
with pure salt and no unit processes other than 
electrolysis and resaturation, Fig. 3 is applicable. 
It is then necessary to be sure only that chlorine 
and chlorate concentrations are certain 
limit. If this is exceeded, hydrochloric acid should 
be supplied to the system. If pH of the solution 
should become too low, the necessary quantity of 


below a 


alkali is produced in the cells. 


SUMMARY 


1. In chlorine-caustic electrolysis the following 
substances and ions, belonging to water, chlorine, 
and carbon dioxide systems, cannot be neglected in 
study of the electrolyte: HoO, H,O*, Cl-, Cl, Cl 
HCIO, and ClO ;. 

2. Concentration of active chlorine in the brine 
is the sum of Clo, Cl; , and HCIO concentrations. In 
this sum, Cl; concentration predominates below 
pH 4, and HClO concentration above pH 4. The 
former is independent of pH of the electrolyte, and 
constant at a given temperature and chlorine pres- 
sure. The latter concentration increases with in- 
creasing pH. Equilibrium concentrations are reached 
instantaneously. 

3. Concentration of acid in the brine is the sum 
of H,O* and HCIO concentrations. The H;0* con- 
centration predominates below pH 3, and the HCIO 
concentration above this value. The sum of these 
concentrations reaches a minimum at pH 3. Equi- 
librium concentrations are reached instantaneously. 

t. Chlorate 


brine increases greatly with increasing pH. Equi- 


equilibrium concentration of the 
librium concentration is not reached instantaneously. 
Above pH 3.3, it is so high that the system becomes 
heterogeneous at the high NaCl concentration of a 


mercury cell. The chlorate formation rate increases 
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with increasing pH but does not become noticeable 
until pH 4. The chlorate decomposition rate in- 
creases with decreasing pH at a given chlorate 
concentration, and is slight in the electrolyte. 

5. Anodic current efficiency increases with de- 
creasing pH of the electrolyte. 

6. The cathode film near the mercury is alkaline, 
i.e., its pH is greater than 7. 

7. Cathodic current efficiency increases with 
increasing pH of the cathode film. 

8. Cathodic current efficiency cannot reach 100% 
owing to reactions between the acid electrolyte and 
alkaline cathode film. 

9. Agitation of the cathode film interferes with 
the process. 

10. Cathodic current efficiency passes a maximum 
at pH 3 of the electrolyte. 

11. Highest possible current efficiency with re- 
spect to chlorine and caustic is not obtained if pH 
of the bulk of the electrolyte exceeds 3. 

12. All bases in the feed brine which are pro- 
tolyzed during pH decrease in the cell define, proper 
composition of the feed brine. The sum of the con- 
centrations of these bases (OH~, CO;, HCO;, and 
ClO~) should not exceed a certain value. 
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Some Observations on the Kroll Process for Titanium’ 
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WaARTMAN, Don H. Baker, J. 


R. Nerrite, ann V. E. Homme 


U.S. Department of the Interior, Bureau of Mines, Boulder City, Nevada 


ABSTRACT 


A series of small-scale Kroll process reductions, carried to varying degrees of comple 


tion, were opened and examined to obtain information concerning the mechanism of 


the reduction. Experiments made to determine the cause of zonal variations of hard- 
ness in the crude sponge made by the Kroll process indicate this effect is due largely to 


impurities in the magnesium. 


INTRODUCTION 


Since the first appearance in this country of a 
published description (1) of the method of pro- 
ducing titanium by magnesium reduction, the proc- 
ess has been actively investigated (2-8). As a result, 
. number of modifications to the process as orig- 
nally deseribed have been developed or suggested. 
these (3, 4) elimination of the 
molybdenum lining for the reaction chamber, as 


[wo of are: (a) 
ge molybdenum-lined reactors would have been 
prohibitively expensive; and (b) provision for re- 
moval of the by-product magnesium chloride dur- 
ng and immediately after reduction to facilitate 
the rate of reduction, obtain up to 90% of the 


magnesium chloride in pure concentrated form, and 
simplify later purification of the product of reduc- 


hon 


OUTLINE OF THE PROCESS 


lhe technique now in use at the pilot plant oper- 


ited by the Bureau of Mines is described here 


briefly 
The magnesium 
previously pickled and dried, are placed in an 
empty 


requisite quantity of ingots, 
mild steel; the 


id is sealed in place by a weld having only slight 


reaction chamber made of 


penetration. Then the chamber is placed in the 
lurnace, the various supply lines are attached, and 
the air in the reaction chamber is replaced with 
helium. Finally, after the temperature of the fur- 
nace has been raised to 850°C and held there long 
enough to melt the magnesium, a stream of liquid 
titanium chloride is allowed to fall on the hot mag- 


tesium until enough titanic chloride has been 


added to react with about 85% of the magnesium 


according to the equation: 


hiCl, (1) + 2Mg (1) 
2MgCl, (1) + Ti(s) (1D 


nuseript received January 25, 1954. This paper was 
| for delivery before the Chicago Meeting, May 2 to 
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The reaction is strongly exothermic and the 
temperature in the reaction zone is held at 900°- 
1050°C by suitable adjustment of the fuel input to 
the furnace and the rate of adding titanic chloride 
to the reactor. At intervals magnesium chloride is 
drawn off in a molten form; 85-90% of the total 
amount formed is removed in this manner. After 
reduction has been completed and the reaction 
chamber has been cooled to room temperature, 
the cover is removed by grinding off the weld, and 
the product is removed by mounting the open 
chamber in a large lathe and boring out the reac- 
tion mass. A 0.5-in. thick layer is always left on the 
wall and bottom of the chamber to serve as a pro- 
tective lining. The opened reaction chamber must 
be handled in a room with a very dry atmosphere 
to lessen absorption of moisture by the hygroscopic 
MgCl, left in the mass. The water would react with 
the titanium when it was heated in later steps of 
the process. Chips of impure titanium, obtained by 
the boring, are loaded into retorts and heated at 
900°C in a high vacuum to volatilize the residual 
magnesium and magnesium chloride, leaving the 
pure titanium, in the form of spongy lumps, as a 
residue. 


OBSERVATIONS ON THE MECHANISM OF 
TITANIUM REDUCTION 

Two interesting phenomena were observed when 
this operating technique was used: (a) titanium was 
obtained in a connected mass, with a spongelike 
appearance, which was attached to the walls of the 
reactor; and (b) the hardness of the metal in the 
mass of sponge produced by reduction varied ac- 
cording to its position in the mass. 

Titanic chloride is introduced into the reaction 
chamber as a free-falling liquid from a pipe directed 
downward above the center of the bath. Observa- 
tion has confirmed the probability that at least 
part of the liquid actually reaches the surface of 
the bath. Titanium 
greater than 


has a density considerably 


either magnesium or magnesium 











RNAI 





Fig. 1. Bisected chamber after 5% reduction. Left, un 
distilled segment; right, distilled segment 








Fic. 2. Bisected chamber after 30% reduction. Left, un 
distilled segment; right, distilled segment 


chloride, and magnesium and titanic chloride are 
known to be in contact at the center of the surface 
of the bath. Therefore, it seems strange that they 
would not react to form titanium in granular or 
powder form which, because of its density, might 
be expected to sink through the bath and be found 
in a heap on the bottom of the reaction chamber. 

\ series of seven small reductions was made in an 
attempt to find an explanation for the apparently 
anomalous position of the deposit. The reaction 
chambers were each 25.4 em in diameter by 25.4 
em high, with a vertical inlet pipe 5 em in diameter 
by 91.4 em long, welded into the center of the cover. 
They were sand-blasted and partly outgassed by 
heating in a vacuum for several hours at 900°C. 
The apparatus was quite similar to that shown in 
a previous paper (2 

The magnesium charge in each run was ap 
proximately 5.7 kg, the temperature at the begin- 
ning of the reduction was 800°C, and the rate of 
addition of titanic chloride after the initial inhibi- 
tion period was 75 g/min. Thus, the apparatus, 
operating technique, and physical conditions were 
as much alike as possible in the different runs. The 
only variable was the total amount of titanic 
chloride added, which was 5, 10, 20, 30, 40, 50, and 
60%, respectively, of the amount theoretically 
equivalent to the magnesium added to each run. 
After each run had been carried to its predeter- 
mined degree of completion, it was held at tempera- 
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Fic. 3. Biseeted chamber after 40% reduction. Left. , 


distilled segment; right, distilled segment. 


Fic. 4. Bisected chamber after 60% reduction. Left 
distilled segment; right, distilled segment. 





ture for | hr and then allowed to cool. The lid y 
removed from the cold chamber, and the latter was 
divided by a vertical cut through the center, so 
to expose @ Cross section of the contents of th 
chamber. After photographing the exposed face | 
one half, samples were taken from selected areas 


for chemical analysis. The locations from whi 
the samples were taken are indicated by appr 
priate numerals on the photographs of the cross 
sections. The other halves were placed in a retort 
and the volatile constituents such as magnesiun 
and magnesium chloride were removed by vacuum 
distillation. The location of the residual deposit : 
titanium was recorded by a photograph. Som« 
the deposits before and after distillation are di 
picted in Fig. 1 to 4, and the corresponding analyses 
are given in Table I. 

In Fig. 1, virtually all of the titanium is in th 
form of a ring attached to the wall of the reactor 
and extending upward from the point ritially 
marking the juncture of the upper surface of th 
magnesium with the wall. Analyses show onl) 
little titanium in the magnesium, and after distilla 
tion only a small amount of fine, dark powder was 
found on the bottom. With increasing additions 0! 
titanic chloride, the ring of deposited metal co! 
tinued to extend farther up the wall and also out 
ward toward the center. At some point betwe 
30 and 40% utilization of magnesium, the spong) 


titanium formed a layer that bridged complctels 
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TAB [. Composition of various portions of deposit 
ilyses, % by weight Location of sample 
Ma : 
esium Num- ; 
eacted ri MeCle ber on Description 
print 
1() 38 22 l Growths on wall above 


liquid level 
Dense metal at top 
Dense metal at bottom 


= 

—~ 6 

oO 
ow ho 





MgCl, phase 


9 | 65 | 28 7 2 Metal just under surface 

(\ 2 3 tr 3 Metal at bottom 

() 6) H tr. j Metal surrounded by 
MgCl 

i) {8 32 16 ] Metal at surface 

on |60 |3 7 2 Metal 2” below surface 

i() 67 25 66 i Metallic vein in MgCl 

4() 0.8 0.008 94.0 5 MgCl. phase 

60) 17 39 10) | Metal above surface 

60 19 13 tr. 2 Metal in lower part of 
metallic layer 

60 32 16 IS } Metallic vein in MgCl 

60 0.03 YS 5 MgCl, phase 





across the reactor. From this stage on, the unused 
magnesium was held in the pores and interstices of 
the sponge that had already deposited, rather than 
a distinetly separate pool. Further growth of the 
spongy deposit was evidenced by a thickening of 
he whole layer, with some tendency to formation 
{ a prominence immediately under the end of the 
feed pipe. In all tests, only a small amount of dark- 
olored, fine-grained metal was found on the bottom 
iter distillation. The major portion of the weight 
of the metal produced was in the deposit attached to 
the walls 
To throw more light on this mode of deposition, 
other run was made using only 5% of the mag- 
nesium. It differed from the first in that short 
engths of iron rod 1.27 em in diameter were welded 
f to the bottom and top of the reaction chamber so 
es is to extend perpendicularly into the reaction space. 
(t the two welded to the bottom, one extended 


em above the surface of the magnesium and 


Ol the other 3.82 em above the surface. The three 
' velded to the underside of the top terminated 
1.27 cm, 2.54 em, and 3.82 em, respectively, above 
th tial level of the free surface of the mag- 
nestum. As will be seen from Fig. 5, titanium de- 


posited on the two bars that extended up through 
th, just as it did on the walls. The three bars 
that extended down from the top remained clean. 
It I! deposition of sponge on the walls had been 
| (ue cither to mechanical splatter or to deposition 
s) Iron vapor-phase reaction, then metal should 
een deposited on the bars extending down 





Fic. 5. Cross sections of chamber after 5% reduction. 


Bars were attached to bottom and top. Left, undistilled 
segment; right, distilled segment. 


close to but not touching the surface of the mag- 
nesium. As metal was deposited only on surfaces 
that passed up through the magnesium, it seems 
likely that the deposits on the bars extending up 
through the bath and on the walls were due to a 
reaction between titanic chloride vapor and a film 
of magnesium formed on the vertical surfaces by 
wetting and capillary action. This hypothesis is 
supported by the known physical properties of the 
system. Neither magnesium nor titanic chloride is 
appreciably soluble in magnesium chloride. There- 
fore it is postulated that when the titanic chloride 
first comes in contact with the free surface of the 
magnesium some reaction occurs and some mag- 
nesium chloride is formed. This forms a film on the 
surface that tends to inhibit further reaction. The 
protective action of such salt films is known and 
used in the technology of melting, refining, and 
casting magnesium. On a vertical surface it may 
be supposed that gravitation causes the magnesium 
chloride to drain away at Jeast partially, and thus 
afford better opportunity for contact between 
titanic chloride and magnesium. This hypothesis 
may serve as the basis for some interesting predic- 
tions concerning the suitability of specific tech- 
niques for conducting the reduction. For example, 
it may be predicted that bringing the two raw 
materials into contact by allowing droplets of mag- 
nesium to fall through the vapor of titanic chloride 
would not be satisfactory since the droplets would 
become inactive because of formation of an en- 
veloping film of magnesium chloride. 

The tendency to react on vertical rather than 
horizontal surfaces is probably fundamental, but 
the nature and location of the deposit formed is 
affected by the size of the reactor and variations in 
the manner of operation. For example, Fig. 6 is a 
view of a reaction mass, contained in a thin iron 
crucible and cut through the vertical axis. This 
small reduction run was made for several reasons, 


one of which was to determine the effect of adding 





























Fic. 6 


Cross section of small reaction mass, made to 
show feasibility of thin disposable liner, multiple addi 


tions of magnesium, and tapping of molten magnesium 


the magnesium in increments during the run rather 
than all at once at the beginning. 

About one-fifth of the magnesium was placed in 
the pot initially, and the rest was added in four 
increments during the run in the form of small 
pieces contained in a rubber bag attached to an 
opening in the top of the reactor. As indicated by 
the arrows at the right of Fig. 6, the five portions of 
magnesium resulted in the formation of five sepa- 
rate layers of sponge. These are exposed promi- 
nently, because this reaction chamber was removed 
from the furnace and laid on its side when the re- 
duction was completed. The side at the left then 
became the bottom, and the still fluid magnesium 
chloride flowed to the position shown. 

If the magnesium chloride had been drawn off 
so as to keep the zone of reaction at approximately 
the same level during the reduction, there would 
have been only a single, dense, thick layer of sponge. 

In larger reactors making 91 kg or more of sponge 
per charge, there is a similar tendency to form a 
bridge extending upward from the level that origi- 
nally marked the upper surface of the magnesium. 
With the greatly increased span, the mechanical 
strength of the spongy layer is not adequate. to 
allow bridging, and the whole mass collapses to 


the bottom, particularly when the magnesium 


chloride is tapped off and its buoyant effect is no 
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longer available to support the bridge of 
titanium. Since facilities large enough to sec 


ngy 


and 
distill large reaction chambers with their . tents 
in place were not available, photographie e\ dence 
of the behavior of these large masses can) .of be 


offered. 


OBSERVATIONS ON THE SEGREGATION « 
IMPURITIES DURING REDUCTION 


Usual practice at the pilot plant operated jy ¢h, 


Bureau of Mines was to mount the opened reaction 
chamber in a lathe and remove the mass of 
titanium sponge by turning. The chips obtained jy 
this way were treated at 900°C in a high vacuum 
as a result of this treatment, hydrogen, magnesium, 


{ rude 


and magnesium chloride were largely removed }y 


volatilization, and purified spongy titanium re- 
As previously noted, jf 
chips from various parts of the reaction mass were 
kept segregated during purification, metal produced 


from chips that came from the center of the reactio 


mained as the residue. 


mass was freer from impurities and softer than that 
made from chips that came from the outside and 
bottom. 





Discovery of the cause and a remedy for this 





condition was of practical importance for severa 





reasons. Variations in hardness and compositio: 
of sponge in the same lot introduced difficulties i 
sampling and testing. Compacts made from such 


material by 







powder metallurgy techniques were 





not uniform in composition and properties. Finally 





it was considered desirable to have the best possib| 





quality of primary metal, consistent with reasonab| 





costs of production, in order to allow use of larger 





quantities of scrap, such as turnings and off-grade 





sponge, in making new ingots. 





Two hypotheses were advanced to explain this 





tendency to zonal segregation of impurities in the 





reaction mass: (A) during reduction, gases present 
in the atmosphere around the reaction chambe 
diffused through the hot mild-steel walls of th 
chamber and dissolved in the titanium lying closest 
inside; (B) the first 


formed during the reduction served as a “‘getter” of 


to the wall on the titaniun 
the impurities present in the magnesium and 0! 
the walls of the reactor and in doing so became 
hardened. As shown above, the first titanium made 
is deposited on the walls of the reactor. 

The hypothesis that the zonal hardness variations 
were due to diffusion through the walls of the rea 
tor was tested in two ways. Several types of empt) 
reaction chambers were heated to operating tem 
perature and held there while a slow stream ©! 
helium was passed through one side of an electrics 
thermal conductivity meter, then through the he’ 
chamber, and finally back through the other sid! 
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of the meter. After the initial period of outgassing, 
yo contamination of the helium was indicated. 
\lso, small reaction chambers were packed with 
high grade titanium sponge, outgassed, filled with 
helium, and then heated for several hours at about 
gC. After the chamber had cooled, it was opened 
and the sponge removed. While being unloaded, 
the sponge was segregated into various portions 
aecording to position in the chamber during heating. 
Each portion of sponge was sampled and the sample 
melted into a small ingot on which the hardness 
was measured. The hardness of the sponge lying 
next to the walls of the reactor was not noticeably 
greater than that of sponge in the center. This also 
suggests that the zonal variations in hardness were 
not due to diffusion of gases through the walls of 
the reactor. 

Evidence bearing on the “getter” theory was 
obtained by making three separate 90-kg Kroll re- 
ductions, runs No. 402, 403, and 404, each as nearly 
alike as possible except in the manner of adding 
the magnesium. A different reduction chamber was 
wed for each run. Each had been used several 
times before and had been cleaned and wire-brushed 
to remove all residues from previous runs. Each 
pot was finally sealed and tyeated on the inside 
vith moist hydrogen while at operating tempera- 
ture. Before cooling, the hydrogen was replaced 
vith helium or argon, and the inert’ atmosphere 
vas maintained through all subsequent operations 
itil the reduction had been finished and the 
hamber cooled to room temperature. This pre- 
ented readsorption of nitrogen, oxygen, or water 
vapor on the inner walls of the chamber. 

In addition to a variation in the method of adding 
the magnesium, the technique used in making these 
three reductions differed in two other ways from 
that previously described (4). First, the titanium 
tetrachloride was fed through two stationary pipes 
introduced into the 5.08 = em pipes normally used 
lor poking to break up the surface crust on the reac- 
tion mass, and the revolving feeder was not used. 
Second, a long thermocouple with iron protection 
tube was introduced through a packing gland in 
the top of the column cover. As the couple could be 
moved up and down in the packing gland, the tem- 
perature could be measured at different levels in 
the reaction chamber. This was done every half 


hour until about half of the magnesium had been 
ised. The rate of addition of titanium tetrachloride 
Was adjusted to hold the maximum temperature in 
950° and 1050°C. 
The protection tube in moving up and down peri- 


the reaction chamber between 
vy also took over the function normally per- 


i by the poking rods. 
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The magnesium used for these three reductions 
was standard commercial-grade electrolytic mag- 
nesium cast in cylindrical billets approximately 
40.7 cm long by 10.7 cm in diameter. A typical 
chemical analysis in percent by weight follows: 


Fe. 0.05 Mn 0.06 
Si 0.003 A . trace 
Ni. 0.002 C 0.005-0.12 
Cl 0.02 


The billets were cut into three or four pieces and 
cleaned by pickling, drying, and buffing before use. 

In the first run, all the billets were put in the 
reaction chamber and completely melted before 
any titanic chloride was added. In the second run 
about one-fourth of the billets were introduced and 
melted before starting to feed the titanic chloride. 
The rest were added at intervals through a lock in 
proportion to the rate at which titanic chloride 
was run in. In the third run the charge of clean 
billets first was melted in a separate chamber under 
an inert atmosphere and held molten for several 
hours to allow the solid impurities to settle as 
much as possible. Then the liquid metal, protected 
by an inert atmosphere, was siphoned over into the 
reaction chamber. It was necessary to let the mag- 
nesium solidify before the chamber could be dis- 
from the 
furnace, but the whole charge was melted again 


connected the siphon and placed in 
before the reduction was started. 

The three reductions were completed and cooled, 
and the product was recovered by boring and puri- 
fied by distillation, as described above. In boring, 
the charge was divided into four lots, approximately 
as indicated in Fig. 7, and during vacuum distilla- 
tion each lot from each of the three runs was kept 
separate. 

In studying the data derived from these three 
reductions as shown in Table I], two points are to 
be noted particularly. First, the product obtained 
from runs No. 402 and 404 in which all of the mag- 
nesium was added and melted before the reduction 
started shows very definitely the zonal distribution 
of hardness and impurities. In contrast, the product 
of run No. 403 to which magnesium was added in 
increments during the run shows little variation 
the different than 
might be ascribed to normal variations in testing 
and analysis. Second, the product of run No. 404 


between fractions other what 


in which the magnesium was settled and decanted 
is noticeably softer than the product of run No. 402 
in which the commercial billets were prepared only 
by cleaning the surface. 

By inference, these facts lend strong support to 
the hypothesis that the zonal variations in hardness 
are due to the first titanium formed acting as a 
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Fic. 7. Sectional diagram showing position of lots 1, 2, 3, 






. . 
and 4 in reaction’ mass 


getter, since they are to be anticipated on the basis 






of this hypothesis. The first titanium is deposited 
on the walls of the reaction chamber just above 







the upper surface of the magnesium, and magnesium 
fed by capillary action to the zone of reaction as it 
rises up the wall and out over the bath must pass 
through or over this metal. An excellent opportunity 





is thus afforded for removal of impurities in the 






magnesium. When magnesium is added during the 
run, it is already at the surface, is in the reaction 


zone, and does not have to pass through the metal 





previously deposited. Consequently, the purifying 





TABLE II. Data obtained fror 















102. Magnesium in form 


of commercial billets, 2 30.4 0.04 0.06 
all added and melted 3 26.7 0.19 O4 
before starting reduc 1 14.1 0.13 0.23 







tion 


Total 107.9 











Weighted averages 0.086 0.074 
103. Magnesium in form l 30.8 0.13 0.06 
of commercial billets 2 28.6 0.12 | 0.14 
one-fourth added and 3 27.2 | 0.16 | 0.07 
melted before starting } 17.2 | 0.19 | 0.25 
reduction, rest added 
during run 
Total 103.8 
Weighted averages 0.145 0.116 
104. Magnesium melted, l 29.5 0.04 0.08 
settled, and siphoned 2 26.3 0.06 0.17 
before use to remove 3 26.3 0.13. 0.04 
some of suspended im } 24.0 | 0.15 | 0.12 


purities 
Total 106 
Weighted averages 0.092 0.100 


} 


0 
0 





to be of about the same grade. 


This same effect 


alloys of titanium of uniform composition | 
the alloying element 
all the magnesium is placed in the reaction 
before starting the reduction. In one test 
tempt was made to make a titanium alloy contaj 


ing 1% 


amount of aluminum with the magnesium befoy, 
commencing the reduction. Most of the al 
went into the titanium, which had been deposited 
first, and only a trace was found in the metal fro 
the center of the reaction mass. 

Consideration of the data in Table IT also lead 
to the conclusion that a considerably better grad 
of titantum could be produced by the Kroll process 
if magnesium of much higher purity were availa! 
in large ingots so as to reduce the amount of in 
purities both dispersed through the body of th 
ingot and on the surface. Fraction 1 of run No. 40) 
indicates the improvement to be expected by this 


means. 


Further inspection of Table I] shows that iro 
manganese, and oxygen are the principal impurities 
which would 
melted to form an ingot. To obtain some idea as | 
how these impurities affect the hardness of titaniun 





three spe cial 


033 
03 


04 


03 
03 


.032 


0.06 YY 
0.20 gg 
0.04 gg 


0.082 

0.13 | 99.75 
0.11 | 99.: 
0.08 99 


0.02 | 99. 


200 -lb 


Analyses, 


) 
0.093 
0.04 99.9 
0.06 99.4 
0.09 99.6 
0.11 | 99.3 
0.073 


0.002 
0.002 
0.003 
0.003 
0.002 


0.0025 


aluminum 


remain 


“| by weight 
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- PLRCLNT IMPURITY BY WEIGHT- 


Fig. 8. Graph showing effect of oxygen, iron, and manga 
the hardness of titanium. 


etween amount of impurity and hardness of the 
is-melted ingot was determined. Electrolytic tita- 
um? was used as the base, and the alloy additions 
ere high grade commercial transformer iron, 
electrolytic manganese, and titanium 
lioxide. The alloys were made up by weight from 


purified 


the raw materials, but the actual composition. of 
the melted ingot was determined by chemical 

alysis. Data obtained are shown in Fig. 8. The 
fects of all these elements as alloying additions to 
titanium have been studied before, but available 
lata for iron and manganese did not indicate clearly 
the effect of such small amounts as are studied 
here. In the previous work on titanium-oxygen 
loys (9-11), the oxygen content of the final alloy, 
on which hardness measurements were made, was 
not determined directly, and there was no assurance 
that the value taken was correct. 

The curves show that the amount of manganese 
ordinarily present in commercial-grade sponge 
has little effect on the hardness, the iron content 
has more effect, and the oxygen most of all. 

ln the ease of the various lots of sponge for 
which data are given in Table II, if separate in- 
crements of hardness due to manganese, iron, and 
oxygen by reference to Fig. 8 are estimated, it will 
be found that the sum is less than the amount the 
hardness of the batch exceeds that of pure titanium, 

ectrolytically purified in a small cell using a fused 


lectrolyte. The purification was done in_ this 
tort 
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about 60 BHN. This indicates, therefore, that the 
many other impurities present in very small 
amounts taken together also contribute signifi- 
cantly to the total hardness. 
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6. C. K. Stopparp anp E. Perrz, U. 8S. Bureau of Mines 
Re pt. of Investiqations $153, December 1947. 


None of the operations conducted by private companies, 
using the Kroll process, has been described in print. 
Aside from a few publications by various research 
organizations, one must rely largely on patents to 
gain some insight into the trend in this work. The 
following list is not complete and is intended only to 
give an idea of the various modifications proposed for 
the Kroll process 

C. H. Winter, Jr. (assignor to E. I. du Pont de 
Nemours and Co.) U. 8S. Pat. 2,586,134, 2,607,674, 
2,621,121. 


J. GLASSER AND C. HAmpeEt (assignors by Mesne assign 


_— 


ments to Kennecott Copper Corp.) U.S. Pat. 2,618,549 
and 2,618,550. 
The British Aluminum Company, Ltd., and L. Saun 
pERS, British Pat. 638,840. 
Rospert D. BLve (assignor to the Dow Chemical Co. 
U.S. Pat. 2,567,838. 
8. P. J. Mappox aNnp L. W. Eastwoop, J. Metals, 188, 
634 (1950). 
9. R. 1. JAFFER, tbid., 1, 646 (1949). 
10. R. 1. Jarree, H. R. OGpdeEN, ann D. J. Maykurn, ibid., 
188, 1261 (1950). 
11. W. L. Fintay anp Joun A. Snyper, tbid., 188, 277 
(1950). 









Factors Affecting the Formation of Anodic Oxide Coati 
M. 8. HuntTer anp P. Fow.e 
Aluminum Company of America, New Kensington, Pennsylvania 


ABSTRACT 


The effect of variations in electrolyte and forming conditions on the formation of 


porous type anodic oxide coatings on aluminum are discussed, with particular reference 
to the manner in which these variables control oxide formation, pore development, and 
the thickness of the barrier layer. Formation and solution rate data are applied to show 
that, during the formation of a porous type coating, conditions at pore bases are vastly 


INTRODUCTION 


It has been known for many years that charac- 
teristics of the porous type of anodic oxide coating 
applied to aluminum are determined by the elec- 
trolyte used in its formation and by conditions 
under which it is formed. As a result, the structure 
of these coatings and factors that control their 
formation have been the subject of much discussion 
and investigation (1-7). Recently, structural fea- 
tures of the cells and pores comprising these coat- 
ings have been revealed, and methods have been 
developed for determining their dimensions (7, 8). 
The present paper establishes the effect of elec- 
trolyte and forming conditions on formation of the 
porous type of anodic oxide coating through the 
use of barrier layer thickness measurements (8), 
and presents a new concept of conditions that may 
exist at the bottom of the pores during the forma- 
tion process. 

When anodic oxide coatings are formed on 
aluminum, the chemical action of the electrolyte on 
the oxide governs the type of coating which results. 
If the electrolyte has no appreciable solvent action 
on the oxide, a thin nonporous barrier type of 
coating is formed. If, however, the electrolyte has 
appreciable solvent action, pores develop in the 
oxide, and the porous type of coating is produced. 
This ‘latter type of coating is characterized by a 
thin nonporous barrier layer of oxide next to the 
metal and a relatively thick porous layer of oxide 
situated above the barrier layer. The entire coating 
is at one stage barrier layer oxide; the porous layer 
is barrier layer oxide, which contains tubular pores 
developed by solvent action of the electrolyte. The 
barrier layer at the bottom of the pores is impor- 
tant, because it constitutes an effective barrier 
between the metal and its environment during 
service. 


‘Manuscript received April 26, 1954. This paper was 
prepared for delivery before the Chicago Meeting, May 2 to 
6, 1954. 


different from those existing in the main body of the electrolyte. 


In the formation of the porous type of oxide 
coating, oxide production proceeds in an order 
fashion and at a relatively constant rate, once the 
initial fluctuations which attend the start of this 
process have subsided. This constancy of barrier 
layer thickness indicates that a balance has beep 
attained between the rate of oxide formation and 
factors controlling solvent action. Inasmuch as 
the thickness of the barrier layer is the net result 
of these competing actions, a change in this balance 
will be reflected in a change in thickness of the 
barrier layer. Consequently, changes in_ barrier 
layer thickness as a result of changes in electrolyt 
and forming conditions are an indication of the 
effect of these factors on formation of anodic oxic 
coatings. 


Factors AFFECTING BARRIER LAYER 
THICKNESS 


The balance between formation and solution of 
oxide is of a rather complex nature, because at 
least six major variables are involved: electrolyte 
type, electrolyte concentration, bath temperature, 
voltage, current density, and time. Electrolyte 
type, concentration, and temperature, along with 
current density and voltage, are interdependent, 
with the result that no variable may be changed 
without effecting a change in at least one other 

Considering the effect of the six major variables 
on barrier layer thickness, time is net a factor be 
cause it has been shown that barrier layer thickness 
remains constant with time, once the balance be 
tween formation and solution of oxide has been 
established (8). Further simplification may be 
made by considering first a single concentration 0! 
a specific electrolyte. An electrolyte containing 
15% by weight of sulfuric acid was arbitraril) 
chosen as a starting point in this investigation 

With regard to the three remaining variables, 
voltage, current density, and bath temperature, ' 
is found that they also are interdependent, and that 
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Fig. 2. Effeet of voltage and temperature on unit barrier 


thickness for coatings on 99.99% aluminum formed in 15% 
sulfurie acid, 


i change in one will be reflected in a change in one 
or both of the others (Fig. 1). Thus, if both tempera- 
ture and forming voltage are chosen, current den- 
sity is automatically established. Consequently, 
only the effects of forming voltage and bath tem- 
perature on barrier layer thickness need be con- 
sidered initially. 

lhe combined effect of these two variables on 
the unit barrier thickness (thickness per volt of 
lorming potential) of coatings formed in the 15% 
sulfiirie acid electrolyte is shown by Fig. 2. It is 


apparent that forming voltage in the range in- 
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vestigated had no effect on unit barrier thickness. 
Therefore, while forming voltage controls the total 
thickness of the barrier layer, it has no bearing on 
unit barrier thickness. Temperature, however, does 
have an effect on unit barrier thickness, and de- 
creasing temperature results in greater unit barrier 
thickness. From the trend observed, it appears that 
at very low temperatures the unit barrier thickness 
will approach the 14 A value characteristic of elec- 
trolytes that do not dissolve the oxide. This is not 
surprising, because solvent action of electrolytes 
generally decreases with temperature. 

The effect of current density on unit barrier 
thickness may now be established by considering 
the interrelationship between this variable, forming 
voltage, and bath temperature. From Fig. 2, it is 
apparent that forming voltage did not affect unit 
barrier thickness. From Fig. 1, it is evident that for 
any given bath temperature the voltage range 
covered involved a wide range of current density 
values. Inasmuch as voltage had no effect on unit 
barrier thickness, it is apparent that current density 
also does not influence unit barrier thickness. 

Having shown that voltage, current density, and 
time do not affect unit barrier thickness, it is pos- 
sible to establish the effect of electrolyte concentra- 
tion on unit barrier thickness by fixing bath tem- 
perature. For this part of the investigation, coatings 
formed at 15 volts in sulfuric acid electrolytes 
operated at 21°C were used. In the course of deter- 
mining the relationship between barrier layer thick- 
ness and electrolyte concentration, it was observed 
that, at constant voltage, pronounced changes in 
current density occur with variations in sulfuric 
acid concentration (Fig. 3). The shape of the curve 
is similar to that of the curve for the conductivity 
of sulfuric acid solutions (9) (Fig. 3), although the 
highest current densities did not correspond to the 
maximum conductivities. Also, current densities 
were extremely low at both very low and very high 
acid concentrations. 

Pronounced but not unexpected changes in unit 
barrier thickness were found to occur with varia- 
tions in sulfuric acid concentration as shown by 
Fig. 4 and 5. As concentration was decreased to very 
low values (Fig. 4), the barrier approached the 14 
A/volt value characteristic of electrolytes that do 
not. dissolve the oxide. This indicates that at very 
low concentrations the ability of the electrolyte to 
dissolve the oxide and develop pores decreases to an 
exceptionally low value. As concentration was in- 
creased in the range of 25-65% acid (Fig. 5), the 
unit barrier thickness did not vary appreciably, 
but at about 90% acid concentration and above, 
unit barrier thickness became practically zero. At 
these very high acid concentrations, no coating at 
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tivity of sulfuric acid solutions and between acid concen 


tration and current density during coating of 99.99% 





aluminum at 15 v and 70°F. 
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acid electrolytes and unit barrier thickness of coatings 
formed on 99.99% aluminum at 70°F and 15 v. 
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unit barrier thickness of coating formed on 99.99% alumi 
num at 70°F and liv 














all was formed, apparently because there was in- 





sufficient 





water present to ionize the electrolyte 











and form coating. 








The effect of electrolyte type on unit barrier 





thickness was investigated by making barrier 














thickness determinations in 3% chromic acid, 4% 








phosphoric acid, and 2% oxalic acid electrolytes. In 





each of these electrolytes, unit barrier thickness 





changed appreciably with the bath temperature 





but did not change with variations in current den- 








sity, voltage, and time, as was the case with the 
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Fig. 7 


thickness for coatings on 99 99% aluminum formed in 


kiffect of voltage and temperature on unit bar! 


chromic acid 


sulfuric acid electrolyte. Also, at any given tempera 
ture, different unit barrier thickness values wer 
observed for the four electrolytes. The interrelatio 
ship between current density, voltage, and _ bat! 
barrie! 


temperature, and the variation in unit 


thickness with temperature for the 3% chromi 
acid electrolyte are shown by Fig. 6 and 7. 

In summary, voltage, current density, and time 
control the amount of anodic oxide coating that 
forms, but these factors have no effeet on unit bat 
rier thickness. Unit barrier thickness is determined 
by electrolyte type, electrolyte concentration, and 
bath temperature. 


Facrors Arrectinc Pore FORMATION 


Inasmuch as formation of the porous type ©! 


oxide coating involves a balance between oxi 
formation and solution, coating may form only a 


fast as solution occurs at the bases of the pores. I! 


contrast to the formation of oxide which is an ele 
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Fic. 8. Relation between solution rate and temperature 


: 15% sulfurie acid electrolytes. 


trochemical process, solution of the oxide is pri- 
marily a chemical process. Of the six major variables 
inder discussion, time may be eliminated by con- 
sidering the rate of solution. Since the solution of 
xide is a chemical process, current density will 
not have a direct effect but will affect solution rate 
only insofar as it may affect temperature. Voltage 
iso will not affect solution rate directly but will 
nfuence the rate of solution insofar as it affects 
irrent density and temperature. Thus, the solution 
rate is defined in terms of electrolyte type, elec- 
trolyte concentration, and bath temperature, which 
we the same factors that control unit barrier thick- 
ness. In this investigation, only the effect of varia- 
tions in concentration and temperature of sulfuric 
wid electrolytes has been investigated compre- 
hensively, although preliminary work with other 
electrolytes has shown that electrolyte type has a 
pronounced effect on solution rate. 

Solution 


rates were determined by immersing 


sulfuric acid anodic coatings in various concentra- ° 


ons of sulfuric acid at various temperatures with- 
out applied voltage. The reduction in thickness of 
the barrier layer resulting from immersion was 
then used to caleulate linear solution rates in 
\ngstrom units per minute. 

Considering first the 15% sulfurie acid electrolyte 


that is used extensively in commercial applications, 


is found that solution rate and temperature bear 
a logarithmic relationship (Fig. 8). Solution rate is 
doubled for every 8.6°C increase in temperature 
and is increased tenfold for every 28.3°C rise in 
those 


temperature. These results are similar to 


obtained by Hass (6) for the solution rates of 
barrier type oxide coatings in similar electrolytes. 
lhis relationship may be expressed more precisely 


1 


he equation 


log R 0.0196T — 1.45 
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Fic. 9. Relation between solution rate and sulfuric acid 
concentration at 100°F. 


where FR is the linear rate of solution in Angstrom 
units per minute, and 7 is temperature in degrees 
Fahrenheit. 

The specific effect of electrolyte concentration on 
solution rate was determined by measuring the de- 
crease in thickness of the barrier layer portion of 
coatings formed in 15% electrolyte during exposure 
to electrolytes of other concentrations. At each 
concentration, the same logarithmic relationship 
was observed between temperature and solution 
rate. Thus, the plots of solution rate against tem- 
perature for various concentrations form a family 
of parallel lines on a semi-logarithmic plot. Solution 
rate varied somewhat with electrolyte concentra- 
tion at all temperatures, but the effect of concen- 
tration was much less than that of temperature. 
Solution rate reached a peak in the range of about 
12-25% acid. A typical curve showing the relation 
between concentration and solution rate is shown 
in Fig. 9. The sharp decrease in solution rate at 
very low concentrations is in keeping with the high 
unit barrier thicknesses observed at these concen- 
trations. 

From these relationships, it is apparent that 
temperature and electrolyte type and concentra- 
tion control solution rate at the bases of the pores. 
Temperature is the dominant factor, and even 
relatively small changes in temperature result in 
pronounced changes in solution rate. Electrolyte 
concentration also affects solution rate, but rather 
large changes in concentration are required to pro- 
duce significant changes. 


ConpITIoNs ExisTiING aT PorRE BASES 
If formation rates and solution rates are con- 
sidered further, an interesting hypothesis is evolved 
concerning the situation which may exist at the base 
of the pores during formation of the porous type of 
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oxide coating. In the case of a coating formed in a 
15% sulfuric acid electrolyte at 21°C using a cur- 
rent density of 12 amp /ft®? (1.29 amp /dm?’), oxide is 
formed at the rate of about 0.00088 in./hr, which 
amounts to 3725 A/min. Inasmuch as the barrier 
thickness remains constant once the initial balance 
between formation and solution is established, the 
linear rate of solution at the base of the pores must 
also be 3725 A/min. From data already presented, 
however, the linear rate of solution in 15% sulfuric 
acid at 21°C is only 0.84 A/min. This difference 
in rate of over 4000:1 indicates that the electrolyte 
conditions at the base of the pores cannot be the 
same as those in the body of the electrolyte. 

The conditions that probably exist at the base of 
the pores can be established from the solution rate 
data. From the solution rate formula given above, 
the 3725 A/min rate which must exist to maintain 
constant barrier thickness corresponds to an elec- 
trolyte temperature of about 124°C for the 15% 
electrolyte. This is much higher than the boiling 
point of this electrolyte, and indicates that the 
electrolyte is probably of a concentration greater 
than 15%. Referring to the boiling points of sulfuric 
acid solutions (10) (Fig. 10), it is found that 124°C 
corresponds to the boiling point of 50% sulfuric 
acid. Thus, as a first approximation, the operating 
electrolyte at the base of the pores is boiling 50% 
sulfuric acid during the formation of this particular 


coating. Extension of this reasoning to cover the 


solution rate of the 50% acid instead of the 15% 
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rate brings about only a small change. ‘| 
determination indicates that the electrolyt: 
bases is probably boiling 51% sulfurie acid 

Consideration of other relationships tha 
to the formation of anodic oxide coatings 
used to estimate the temperature and conceiratioy 
of sulfuric acid which is operative at por 
under any combination of forming conditions 
amount of coating formed is a function of 
density and time in accordance with Faraday 
law. The rate of formation, therefore, is a functio 
only of current density. Consequently, othe: 
ables can affect the rate of formation only insof,) 
as they affect current density. Also, rate of solutic: 
must equal rate of formation because the barrie: 
thickness remains constant once the initial balance 
is established. Therefore, rate of solution : 
be treated as a function of current density. Based 
on known rate of formation data, solution rate may 
be expressed by the equation: 


where # is linear rate of solution in Angstrom unit 
per minute, and C is current density in amperes 
per square foot. 

As an example of the manner in which conditions 
existing at pore bases may be estimated, assum 
that a coating is to be applied in a 15% sulfuri 
acid electrolyte 
volts. From Fig. 1, the current density correspond 
ing to this voltage and temperature will be about 
17 amp ft® (1.83 amp/dm*). 
be 310 times this value or about 


obtain this solution rate. This, in turn, corresponds 
to the boiling point of 53° sulfurie acid. Therefor 
the electrolyte at pore bases under these conditions 
is approximately 


128°C. 


Further consideration 
ships reveals 
regarding the electrolyte operative at pore bases 
The 15% sulfurie acid electrolyte has a_solutio 
rate of about 620 A/min at its boiling point of about 
103°C. This corresponds to a current density 0! 
about 2.0 amp/ft® (0.22 amp/dm*). At 
densities below this value, the electrolyte at por 
bases will be substantially 15% acid but will be at 
a temperature 
corresponding to the particular current 


value. At 


(0.22 amp/dm?), the electrolyte will be at its boiling 
point and will be of a greater concentration and al 
a higher temperature to develop the solution 


required. 





acid which could not develop the required 


13°C using a potential of 10) 


1960 A min. From 
Fig. 8, a temperature of about 128°C is required t 


53% acid at its boiling pot 


of these various relatiot 


to give a solution rate 











Vo. 10 


rhe existence of pronounced temperature and 
opcentcation differentials between the electrolyte 

pore bases and in the body of the electrolyte 
empha-izes the importance of agitation in the anodic 
nating process. Movement of the electrolyte in 
and out of the pores is a very important factor in 
moving heat from the base of the pores where it 
g generated. Also, mixing of the electrolyte will 
rend to decrease the concentration gradient between 
ihe pore bases and the remainder of the electrolyte. 
hus, agitation becomes a very important factor in 
‘he formation of the porous type of coating. 

CONCLUSION 

Consideration of the effects of the many variables 
vhich have been discussed emphasizes the fact 
that the formation of the porous type of oxide 
gating is a complex process and that, while forma- 
tion is proceeding at a uniform rate, a delicate 
balance exists between formation and solution of 
xide. Formation rate is primarily a function of 
rent density and is affected by other factors 
nly insofar as they may affect current density. 
Solution rate, on the other hand, is a chemical 
process and is determined by electrolyte type, 
meentration, and temperature. The barrier layer 
t the base of the pores, which is the net result of 
the balance between formation and solution, has a 
thickness which is apparently controlled by these 
same three variables—electrolyte type, electrolyte 
oncentration, and bath temperature. 

\pplication of the barrier layer measurement 
method to the anodie coating process shows that 
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the conditions existing at the base of the pores are 
vastly different from those existing in the body of 
the electrolyte. Conditions at pore bases are char- 
acterized by high temperatures and high electrolyte 
concentrations, both of which are necessary to ac- 
count for the relatively rapid rates at which these 
coatings can be formed. 
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ABSTRACT 





Chloral hydrate gives one apparently diffusion-controlled wave (E\. about L4vvs 
5.C.E.), dichloroacetaldehyde two kinetic-controlled waves (—1.0 and —1.7 v), and 
chloroacetaldehyde two kinetic-controlled waves (—1.1 and 1.7 v). The chloral 
hydrate wave is actually controlled by a composite of diffusion and kinetic processes 
Coulometric and polarographic data show that chloral hydrate is reduced to dichloro 
acetaldehyde hydrate; the latter dehydrates, and the unhydrated molecule is reduced 
to chloroacetaldehyde, which is then reduced to acetaldehyde; finally, the latter is re 
duced to ethy! alcohol or 2,3-dihydroxybutane, or both. This over-all reduction process 
forms only one wave; the acetaldehyde, whose reduction should result in a second wave, 
is formed in such a small amount that the wave is clearly demarcated in ammonia buf 
fers only. Dichloroacetaldehyde is reduced to chloroacetaldehyde, which in turn is re 
duced to acetaldehyde with the formation of one wave; acetaldehyde reduction accounts 
for the second wave. Chloroacetaldehyde’s first wave is due to reduction to acetalde 
hyde; the second due to reduction of acetaldehyde 

INTRODUCTION sample of dichloroacetaldehyde,* a research samp\ 
Previous work on the electrochemical reduction of of chloroacetaldehyde* [40.0% solution by weight 
composition was checked by specific gravity measur 
ment (11), sp gr 25/25°C 1.194], and acetaldehyd 


Nitrogen used for deoxygenating was purified and 


polyhalogenated compounds, particularly where 


more than one halogen is present on the same carbon 
atom, has indicated a general step-wise removal of 


halogen atoms (1-10). With a compound such as equilibrated by bubbling through sulfuric acid, « 





tribromoacetic acid, the first bromine comes off more alkaline pyrogallol solution, water, and a portion of 


readily than the second one, which in turn comes off 
more readily than the third. Of the three polaro- 
graphic waves produced by tribromoacetic acid, the 

















two more negative ones correspond to the two waves 








of dibromoacetic acid; the most negative wave cor- 








responds to the one wave of bromoacetic acid. 








In aqueous solutions, chloral hydrate gives one 








about —1.4 v (an additional wave at 
1.7 v is observed in ammonia buffers), and dichlo- 


wave of Ey, 

















roacetaldehyde and chloroacetaldehyde each give 
two waves at about —1.0 and —1.7 v, and —1.1 and 














1.7 v, respectively. Since these results do not show 
the expected pattern, a complete study of the chlo- 











roacetaldehydes was made. 





teference to chloral hydrate is made throughout 








this paper since chloral exists as the hydrate in 





aqueous solutions. A few runs made with chloral 








(anhydrous before dissolution) gave polarograms 








similar to those of chloral hydrate. 











EXPERIMENTAL 








Stock aldehyde solutions (10 mM) were prepared 








from U.S.P. chloral hydrate,? a redistilled research 
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*? Merck and Company, 99.5% pure 





the test solution. Buffer solutions (Table 1) wer 
prepared from C.P. chemicals. 

A Sargent Model XII Polarograph in connectioi 
with an external potentiometer and a Leeds and 
Northrup Type E Electro-Chemograph were used. | 
Beckman Model G pH Meter was used for pH meas- 
urement. All items of measuring apparatus were cali 
brated. A thermostated H-cell (12) employing 
saturated calomel reference electrode was used. Al 
potentials are referred to the saturated calome! 
electrode (S.C.E.) unless otherwise stated. The drop 
ping mercury electrodes were prepared from Corning 
marine barometer tubing; the m and ¢ values (open 
circuit, distilled water at 25°C, 60 em head) for the 
capillaries used were: (a) 1.011 mg/see and 5.0 sev 
(chloral hydrate); (b) 1.249 mg/see and 4.6. se 
(dichloroacetaldehyde); (c) 1.672 mg/see and 4.) 
sec (chloroacetaldehyde); and (d) 0.916 mg/sec and 
5.6 see (all three compounds). The coulometric runs 
using a stirred massive mercury cathode were made 

*Westvaco Chemical Division of the Food Machine! 
and Chemical Corporation, b.p. 87°C at 740 mm, n> 1.4512 

*The Dow Chemical Company. 

5 Eastman Organic Chemicals. 
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TABLE I. Buffer solutions 


pH Composition 


{ 0.5M KCl with added HCl 
15.7 O0.5M NaOdAe with added HOAc 
{ 0.112M NasHPO,-12H.O, 0.044M citric 
acid monohydrate, and 0.198M KCl 
7.0 0.1644M Nas/HPO,-12H.0, 0.0176M 
citric acid monohydrate, and 0.073M 
KCl 
5.3-9.6 0.5M NH,Cl with added NH 
0.082M NaeB,O;-10H,O and 0.32M 
KC] 
9.8 0.082M Na.B,O;-10H.O, 0.285M KCl, 
with added NaOH 


f 10.5 0.163M Na.HPO,-12H.O with added 
NaOH 

12.3 0.105M Na-HPO,-12H.O with added 
NaOH 


_ modified Lingane (13) apparatus maintained at 
+ 0.1°U. 
rhe test solutions (ionic strength of 0.45 in all 


es), prepared by mixing measured volumes of the 
vk and buffer solutions, had essentially the same 
Has the buffer used. Five minutes was used for this 
yeration. The test solution was deoxygenated for 
Me e minutes and then electrolyzed (ten minutes); the 
trogen atmosphere was maintained throughout the 


trolysis. 


DISCUSSION 


Using a fritted glass disk electrode, Neiman (7) 
ported the £,. of chloral hydrate to be—0O.8 v in 
r LIV KCL (the reference electrode was not indi- 


; 
{ 


1); no interpretation of the wave was made. 

, \fter the present study was under way, Federlin 
1) reported no reduction of dichloroacetaldehyde, 
\ e wave for chloral hydrate (2,2 of about — 1.6 v) 


| two waves for chloroacetaldehyde (—1.1 and 
|.8v) with an additional wave appearing at — 1.6 v 
high pH values. He also found two waves for 
bromal (—1.3 and —1.8 v), two waves for dibromo- 
etaldehyde (—1.2 and —1.8 v), and two waves for 
romoacetaldehyde (15) (—0.4 and —1.8 v), with 
n additional wave appearing at —1.6 v at high pH. 
P he chloral wave was ascribed (14, 16) to a diffusion- 
ontrolled process involving reduction of the hy- 
lrated molecule to dichloroacetaldehyde, which was 
honreducible; the first wave of chloroacetaldehyde 
vas ascribed to a kinetic-controlled process involving 
reduction of the unhydrated molecule to acetalde- 
hyde, and the second wave, to reduction of acetalde- 
ivde. The additional wave which appeared only at 

high pH was ascribed to reduction of glycolic alde- 

iyvde (hydroxyacetaldehyde), the hydrolysis prod- 
chloroacetaldehyde. Since reduction of 
dichloroacetaldehyde was not obtained, and since the 
explanation of the electrode process for chloral hy- 
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TABLE II. Variation of current with drop time 
and temperature 
Ratio of current 


at two heads, 
of mercury” 


Temperature 


Buffer coeffiicients® 


* on pH 
Wave Wave Wave § Wave 
I Il I II 
Chloral hydrate | 9.1 | 1.65 2.4 
5 9.2 | 1.70 2.2 
Dichloroacetal 4 9.1 | 1.04 | 1.066 7.6 8.1 
dehyde 5 9.8 | 1.0 8.1 
Chloroacetal { 8.3 1.18 | 1.09 3.4 3.5 
dehyde 4 8.9 | 1.24 | 1.12 3.6 i 
5 9.2 | 1.2) 7.3 


* Corrected for back pressure by use of relation, hiack = 
3.1/m' 3s, 

’ With the following capillaries and the heads used, 
theoretical values for different current controlling processes 


are 

Diffusion Adsorption Kinetic 
(a) chloral hydrate 1.45 2.05 1.0 
b) dichloroacetaldehyde 1.23 1.51 1.0 
(d) chloroacetaldehyde 1.23 1.51 1.0 


¢ Caleulated from the compound interest formula, 
T,)'' = (7,)"' (1 + temp coeff vine 

drate is inadequate, the work here reported was 

continued. 

The chloroacetaldehydes were found to possess a 
very complex electrochemical reduction pattern. For 
example, variations of current with drop-time, i.e., 
head of mercury, and temperature (Table I1) indi- 
cate that a diffusion process may control the one 
chloral hydrate wave, while kinetic processes control 
both waves of dichloroacetaldehyde and of chloro- 
acetaldehyde. 

The Ilkovie equation, when applied to chloral 
hvdrate data (Table II1), indicates that about two 
electrons ‘molecule are consumed in the reduction 
process. Since an over-all two-electron transfer did 
not seem reasonable for chloral hydrate, and since 
the Ilkovic equation cannot be applied to kinetic- 
controlled processes, coulometric electrolyses were 
made on all three aldehydes to aid in establishing the 
electrode reactions. 

In order to clarify the apparently unconnected 
behavior observed, the following discussion of 
polarographic and coulometric behavior of chloro- 
acetaldehydes utilizes some of the conclusions sub- 
sequently summarized in the section on nature of the 
reduction process. 


Polarographic Behavior 


Polarographic data for the chloroacetaldehydes 
are given in Tables III, 1V,and V. Apparent diffusion 
current constant values (J = t¢/C m?®’? ('/®) were cal- 
culated in the case of chloral hydrate to facilitate 
current comparison. Where the limiting current is 
not largely diffusion-controlled, it is designated as 7. 














TABLE III. E fect of pu, concentration, drop time (head 


of mercury), and te mperature on polarographic behavior 


of chloral hydrate 





Buffer oH Con Head E, . 
4 


0 mM cm ‘ - - 


j 8.9 1.0 60 1.32;14.23 0.34 
i 9.1 1.0 10 1.32 | 3.60 | 3.64 | 0.32 | 1.9 
t 9.1 1.0 SU 1.36 | 5.94 £98 | 0.32 2.6 
} te | 1.0 SU) No wave detected 
}> 9.1/1.0 80 1.45 | 3.33 | 2.79 | 0.29 | 1.4 


5 2 l 3.04 3 0.29 
5 9.2) 1.0 80 1.45 | 5.18 | 4.34 | 0.37 | 2.2 
5 9.2 1.0 SO) No wave detected 

l 


3.00 | 2.51 | 0.29 1.3 






5 98 1.0 10 1.65 | 2.56 | 2.59 ' 0.25 | 1.3 
5 98 1.0 0) 1.67 | 3.84 | 3.22 | 0.32 | 1.7 
fp 9.8 1.0 x0 1.51 | 3.18 | 2.66 | 0.33 | 1.4 
6 10.5 | 1.0 80 Wave too small to measure 

6 12.3 1.0 80 No wave detected 


* The «, for chloral hydrate is pseudodiffusion-cont rolled 
and does not give true J and n values (see Discussion). The 
diffusion coefficient used was 1.0 K 10-5 em? /see lap 
proximated from the value for trichloracetic acid (3 
since the two compounds have similar molecular weights] 

®’ Temperature was 0° C in these runs; it was 25° in all 
other runs 

¢ These runs were made 24 hr after mixing chloral 
hydrate and buffer. 

? Capillary ¢ was used for these runs. 

* Capillary d was used for this run; capillary a was used 
in other runs. 


, 


A second wave of FE,» about 1.66 v was observed in 
ammonia buffers (see Fig. 1 and Discussion). 


Values of a were calculated from the slope of the wave 
by the relation, a = 0.056/(2 1,4 — E3;4) at 25°. Typ- 
ical polarograms of chloroacetaldehydes are shown in 
Fig. 1, the current vs. pH relationships in Fig. 2, and 
the /y. vs. pH relationships in Fig. 3. 

Chloral.—One cathodic wave (£,. about —1.4 v) 
was obtained for chloral hydrate in the pH range of 
7.0 to 9.1 with an additional wave appearing at 
—1.7 v in ammonia buffers (Fig. 1); a new wave due 
to reduction of chloroform (produced by the halo- 
form reaction) appeared at — 1.65 v in borate buffer 
at pH 9.8. The chloroform wave disappeared at 
higher pH as a result of its faster formation and sub- 
sequent disappearance during deoxygenating due to 
its volatilization and possible hydrolysis. No wave 
was detected in buffer 1 due to the prior hydrogen 
discharge wave. In buffer 2, a wave began, but the 
hydrogen 


wave appeared before its completion. 
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Fic. 1. Tracings (average current) of polarograms 
1.00mM solutions of chloral hydrate and chloroacet 
hyde, and a 0.99mM solution of dichloroacetaldehyd 
ammonia buffer at pH 8.9 (60 em mercury head 
capillary d). 
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Fic. 2. Variation of the reduction current of the chlo 
acetaldehydes with pH. TCAec indicates chloral hydra! 
DCAc and dashed lines indicate wave I of dichloroacetalc 
hyde; and MCAe indicates wave I of chloroacetaldeby¢ 
A represents data in ammonia buffers and B in bora! 
buffers. Magnitude of the currents can be compared o! 
qualitatively since different capillaries were used 


Data are insufficient for any valid conclusions ©! 
cerning the effect of pH on Ey». The current at pil 
9.1 is greater in ammonia buffer than in borate; th 
is probably due, as will be shown later, to the great! 
currents of dichloro- and chloroacetaldehyde ! 
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Variation of Ey,,;. with pH for chloral hydrate 

CA dichloroacetaldehyde (DCAc 

\c ind acetaldehyde (Ac 
lues is about + 0.02 v. 


, chloroacetaldehvde 


The 


precision of the 


mmonia buffer which add to the over-all chloral 


vdrate wave. 


ichloroacetaldehyde.—_In ammonia buffer two di- 
roacetaldehyde waves (/£,. about —1.1 and 
7 v) were obtained; the shift of the second wave 


1.54 in phosphate buffer (pH 10.4) is probably 
eto the reduction of glycolic aldehyde and glyoxal. 
veolic aldehyde may be formed at the electrode 

hydrolysis of chloroacetaldehyde produced by 
hloroacetaldehyde reduction, while glyoxal is 
mmed by complete hydrolysis of dichloroacetalde- 
de itself. The one wave at pH 12.3 evidently re- 
ts from reduction of glyoxal (17). Only the first 


of dichloroacetaldehyde is observed in buffers 2 


nd 3 as the second wave is masked by buffer dis- 


hy» for the first dichloroacetaldehyde wave in- 


reases slightly with pH except in ammonia buffers 


vhere a decided shift occurs (Fig. 3). The latter is due 


aien acetaldehyde, 


v to pH change, but also to the increased for- 
of chloroacetaldehyde whose reduction still 
of chloroacetal- 
is slightly more negative than that of the 
the 
it of the composite wave to shift to a more 
‘galive potential. 


enlarges the wave. Since Ey 


such increase causes 
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Chloroacetaldehyde.—Two chloroacetaldehyde waves 
were obtained at about — 1.1 and —1.7 v in buffers 4 
and 5; an additional wave appeared at —1.55 v at 
pH values of 9.8 and greater. At pH 12.3, only the 
latter wave is observed; this wave is ascribed to re- 
duction of glycolic aldehyde (14), the hydrolysis 
product of chloroacetaldehyde. 

Acetaldehyde.—A few acetaldehyde runs were made 
in order to determine its /,. in various buffer solu- 
tions. Ly. values found were —1.67 v in ammonia 
buffer at pH 9.1, — 1.75 v in borate at pH 9.1, —1.77 
v in borate at pH 9.8, and —1.81 v in phosphate at 
pH 10.5. An imine wave (18, 19) was observed at 
— 1.35 v in ammonia buffer at pH 9.1. 


Coulometric Behavior 


Results of simple coulometric reduction of chloro- 
acetaldehydes cannot be used as entirely conclusive 
evidence for the electrode process due to accompany- 
ing chemical processes; the data and their limita- 
tions will be discussed. Conclusive evidence for the 
nature of the electrode process was obtained by 
polarographically examining the solution at various 
stages in the coulometric reduction of chloral hydrate. 
Behavior in ammonia solution.—In ammonia buffer, 
and pH 8.4 
values of 1.78 and 1.80 electrons per molecule, di- 
chloroacetaldehyde (at —1.25 v) 3.14 (pH 8.4) and 
3.16 (pH 9.1), and chloral hydrate (at — 1.40 v and 


chloroacetaldehyde gave at —1.25 v 


pH 8.4) 5.45 and 5.63 electrons per molecule. Results 
are difficult to interpret since carbonyl compounds 
with 


ammonia to form reducible 


imines (18, 19); high, low, or “‘true”’ 


generally react 
values could 
be obtained if such compounds were formed, e.g., 
(A) if the products obtained from carbon-halogen 
high 
values would be obtained; (B) if imines were formed 


bond fission would form reducible imines, 


from the original chloroacetaldehydes, in which both 


entities (carbon-chlorine bond and imine group) 


were nonreducible, low results would be obtained; 
(C’) if the imine bond were reducible while the carbon- 
nonreducible in the imines 
formed from the original chloroacetaldehydes, low 


chlorine bonds were 
results would be obtained with chloral hydrate and 
dichloroacetaldehyde (polyhalogens, one imine group 
per molecule) while correct values would be obtained 
with chloroacetaldehyde. 

The applied potential in chloral hydrate reduction 
is sufficient to reduce the imine of acetaldehyde if it 
were produced. The current of the first wave of 
dichloro- and chloroacetaldehyde is considerably 
higher in ammonia than other buffers; thus, imine 
reduction may be occuring at the potential needed 
for carbon-halogen bond fisson. 

The three chloroacetaldehydes chemically decom- 
pose to form products which are reduced only at more 








524 JOURNAL OF THE ELECTROCHEMICAL SOCIETY 























30} J 
: I J 
40 a... 4 
60} 7 4 
o 
- © 0 4 
he 
Zz 20r 4 
Ww 
c - 
ax oe 
Fs 
10.0 r 4 
60} I J 
r 7 
20} 4 
— a Tr) i2 i4 6 8 
-E.v. 


Fic. 4. Tracings of polarograms showing various stages 
in the coulometric reduction at —1.4 v of chloral hydrate 
in ammonia buffer of pH 8.4: I, before reduction; II, after 
a short period of reduction; III, after additional reduction. 


negative values than the applied potentials used; 
this factor would tend to make observed coulo- 
metric values lower than true value. Decomposition 
is a major problem since electrolyses of these com- 
pounds generally require 10-15 hr/run because of the 
kinetic-controlled electrode processes; a diffusion- 
controlled process usually requires 1—2 hr for a two- 
electron reduction. 

Behavior in borate and phosphate solutions.—-In borate 
buffer (pH 9.2, —1.55 v), the value of 2.5 electrons 
obtained for chloral hydrate is low since, upon stand- 
ing for the same length of time with no electrolysis, 
the concentration of chloral hydrate decreased to 
about one-third of the original amount. Kinetics of 
the processes involved are so complicated that no 
approximation of the true number of electrons trans- 
ferred could be made by calculating the concentra- 
tion actually reduced from the rate constants of the 
chemical and electrochemical reactions. Dichloro- 
and chloroacetaldehyde runs were not made in 
borate buffer due to the problem of chemical de- 
composition. 

In Mellvaine buffer (pH 8.0, —1.50 v), chloral 
hydrate gives a value of about two electrons which 
is probably low due to observed chemical decomps SI- 
tion and to a possible interaction between chloral 
hydrate and the phosphate species present. Chloro- 
ethanol undergoes such a reaction (20), as apparently 
does trichloroethanol (21); due to its gem-diol struc- 
ture, chloral hydrate may behave similarly. 

{uns on chloroacetaldehyde (— 1.20 v, Mellvaine 
buffer, pH 8.0) gave 1.1 and 1.2 electrons per mole- 
cule; these values are probably low due to similar 





tober 19: 

Vol. 
observed chemical decomposition and res-tioy, y:, 
phosphate. 
Nature of partially reduced chloral sol) ‘ions \ 


mentioned, conclusive evidence for the na‘ ure of 4 
it 


electrode process was obtained by examin ig chloral 
hydrate solutions polarographically ai yay, 
stages in their coulometric reduction. The ame me 
of behavior was observed in all three bu/fers sal 
(Mellvaine, ammonia, and borate). Results obtg) ef a 


in ammonia buffer are illustrated in Fig. 4; wayes 


clearly delineated and can be compared to those 
chloroacetaldehydes in ammonia buffer (Fig. 1). py. 
fore reduction began, one large wave at — 1.35 yy | 


a small wave at — 1.65 v was observed; after a shop 


period of reduction, an additional wave appeared rAl 
—1.04 v (corresponds to Ey2 of dichloro-  gy¢ 
chloroacetaldehyde) and the —1.65 v wave 


responds to Ly,» of acetaldehyde) increased jn sjy 
after additional reduction only the waves at —|,(\ 
and —1.65 v remained. The wave at —1.65 ) 
creased upon standing and stirring. 

It should be noted that chloroform, which may 
produced by the haloform reaction, shows polar : 
graphic behavior similar to that of acetaldehyd 
However, the height of this wave during and aft: 
coulometric electrolysis is much higher than wou) 
be expected from any chloroform produced by ¢) 
haloform reaction. Therefore, the major portio 
the wave must be due to the electrochemical red 
tion product which is believed to be acetaldehyd 






Nature of the Reduction Process 





Chloral.—The observed behavior of chloral hydra 





is explicable by the reaction scheme shown in Fig. ’ 





which. is based on chemical, polarographic, 





coulometric characteristics of the compound. () 





servation of only one wave for chloral hydrat: 





buffers 3 and 5 is due to chloral existing only as t! 





hydrate in aqueous solution. The latter is reduced 





dichloroacetaldehyde hydrate which is in equil 





rium with the unhydrated molecule. The un! 





drated dichloroacetaldehyde is reduced to chio 





acetaldehyde which is then further reduced 





acetaldehyde; the latter, in turn, is reduced (22-2) 





to ethyl alcohol, 2,3-dihydroxyputane, or boi! 





Since dichloroacetaldehyde and chloroacetaldehy’ 





are reducible at about — 1.1 v, which is more posit! 





than /, for chloral hydrate, and since neither co! 





pound is present at the electrode until after redu 





tion of chloral hydrate, the dichloro- and chlo 





acetaldehyde waves merge into the wave of chlo 
hydrate. 






An acetaldehyde wave is not observed in chlo! 





hydrate reduction in buffers 3 and 5, since format 





and reduction of dichloro- and chloroacetaldehy« 





involve kinetic processes, and the concentration 








Wave continues 
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Wave continues 


at —l4v at —l4v —l7v 
CH;CH.OH 
1a ‘ ze nf . 2¢ : . 2e or le 
(|,C--CHO Cl.CH—CHO a7 CICH:—CHO —,,;— CH;—CHO sae? ~~ and/or 
t T Tt CH,CHOH 
« H.O) | Kinetic 16H) Kinetic Ho | Kineti 
| |process ’ process : process . ; 
| CH;,;CHOH 
¥ ¥ ¥ 
.C—CH(OH), —3,-?° ChCH—CH(OH), CICH. CHOH CH,—CH(OH), 
~lAy Mg O 
Diffusion process 
CICH. CHOH 
Fic. 5. Reaction scheme for the electroreduction of chloral hydrate and related compounds 
rABLI L\ E fhe cl of pH, drop time head of mercury), cate a diffusion-controlled process, although the cur- 
nd te mi pe rature on polarographic behavior rent is actually controlled by a combination of 
of dichloroacetaldehyde* ant : : 
diffusion and kinetic processes. 
Wave I Wave II Dichloro- and chloroacetaldehydes.—The reaction 
oy s«Head Ap «shangege 
cm FE I scheme of Fig. 5 also accounts for the observed be- 
; - va: havior of dichloroacetaldehyde. The first wave is due 
2 11 60 0.95 0.08 0.36 to reduction to chloroacetaldehyde which, in turn, is 
? 5.4 60 0.95 0.09 0.38 reduced to acetaldehyde at a close enough potential 
2 5.7 60 | 0.95 0.10 0.42 so that only one wave is observed. The second wave 
7.0) © | 0.99 | 0.16 | 0.34 corresponds to acetaldehyde reduction. Likewise, the 
8.4 60 1.03 0.85 0.49 1.68 0.29 0.86 : ; , 
pa ; . mu first wave of chloroacetaldehyde is attributed to 
8.9 60 1.08 | 1.58 | 0.46 | 1.68 | 0.55 | 1.1 ‘ salighe ? 
11) 60 | 1.09 | 2.18 0.42 1.70! 0.49/ 1.1 carbon-chlorine fission and the second wave to alde- 
91 90 | 1.10) 2.33 0.41! 1.70 0.51) 1.1 hyde reduction. 
9.1 60° | 1.08 0.35 1.70 0.07 Dichloroacetaldehyde is more strongly hydrated 
9.6 | 60 | 1.18 | 2.15 | 0.46 | 1.72 | 0.68 | 1.1 than chloroacetaldehyde as indicated by the smaller 
9.2 60 03 0.39 0.33 a a eae 
od a = ; 28 current produced by its first wave; under diffusion- 
98 60 | 1.02 0.28, 0.36 Xs Pp, é' Saga 
98 80 1.03 0.28 0.40 controlled conditions, the first wave of dichloro- 
Qs 60° 1.08 0.04 acetaldehyde (two carbon-halogen bonds are re- 
prea wae duced) would be approximately twice the height of 
10 60 04, 0.27 0.34 1.54 | 0.15 | 0.53 : m 
: ; 4.08 ; : - 4 the first wave of chloroacetaldehyde. Since E, » Ol 
10.5 SO 1.04 | 0.26 | 0.34 | 1.544 | 0.16 | 0.65 ; ; ’ - ‘ 
105 60 1.03 0.05 154 0.038. 0.65 dichloroacetaldehyde is much closet to fy. of chloro- 
12.3 60 No first wave 1.61 0.12 acetaldehyde than expected, the dichloro species 


The coneentration was 0.99 mM in all runs. 


The tempeature was 0° C in these runs; its was 25° in 
er runs 
Calculations were not made since the wave was poorly 


Capillary d was used for this run; capillary 6 for all 


runs 


etaldehyde produced is insufficient to cause an 


ODSeT 


able wave. In ammonia buffer, larger amounts 
' dichloro- and chloroacetaldehyde are reduced 
lables [IV and V) which in turn produce acetalde 
hyde in sufficient amount to cause an observable 


i 
(he Ilkovie equation indicates a two-electron 
ss for reduction of chloral hydrate (see Table 
ince the slow kinetic processes involved main- 
tain the of 


d at such a low level that their reduction adds 


concentration the reducible species 


to the over-all wave height. Consequently, 
heiglit and temperature coefficients (Table II) indi- 


which is reduced in aqueous solutions is probably 
intermediate in structure between a hydrate and a 
free aldehyue. 

Absence of the usually observed step-wise reduc- 
tion pattern for carbon-chlorine bond fission in the 
chloroacetaldehydes accordingly results from the 
fact that different chlorinated species are being re- 
duced. Actually, step-wise reduction does occur 
(Fig. 5) although only one halogen wave is observed 
for each of the three compounds. 

(14) to of 
dichloroacetaldehyde may have been due to his 


Federlin’s failure observe reduction 
experimental conditions. He used lithium chloride 
as the electrolyte, and ran in unbuffered medium and 
in buffered solution at pH 5.0 and 10.0. As shown in 
Fig. 2, the waves obtained for dichloroacetaldehyde 
at these pH values are quite small; therefore, at low 
instrument sensitivities, it is possible that a wave 
would not be observed. 


Bromeacetaldehydes.—Federlin’s interpretation of the 
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rABLE V. Effect of pH, drop time (head of mercury), and temperature on polarographic behavior of chloroacetal ) 
{ 
Wave I Hydrolysis wave Wave II iu 
Buffer oH Head p 
o cm 
\ 
\ 
p 
y 





» 9 Ww) 
a) 10 ‘ i) 
12. 1) 


OS 1.17 0.52 1.55 0.10 
13 0.9] 0.37 1.59 1.26 0.96 
1.09 ioe 




























The concentration was 1.0 mM in all runs 
’ Temperature was 0°C in these runs; it was 25° in all other runs 


Capillary d was used for these runs; capillary c for all other runs. 











reduction mechanism of bromoacetaldehydes con- which subsequently is reduced to ethyl aleohol, 2 
sists of the statement that the first wave is due to dihydroxybutane, or both. 
halogen reduction and the second wave to aldehyde 


reduction. This statement, although probably cor- ACKNOWLDGMENT 






rect, does not account for the fact that only one The authors wish to thank the Atomic Energ 
halogen wave is obtained for each of the three com- Commission which helped support the work 
pounds and does not explain the species involved in scribed. 


carbonyl! reduction. He reported diffusion-controlled 


' Any discussion of this paper will appear in a Discuss 
reductions of bromal and dibromoacetaldehyde oe PI 













Section to be published in the June 1955 issue of 


which he attributed to reduction of the hydrated JOURNAL. 


molecules. On the basis of the Ilkovic equation, he 

calculated the first wave in each compound to be a REFERENCES 
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ABSTRACT 


The formation of stibine at antimony cathodes was studied by absorbing the cathode 
gas and analyzing the solution for antimony. The parameters studied were pH, salt 
concentration, temperature, and current density. 


Results indicated that stibine was formed by the electrochemical discharge of a water 


molecule upon an antimony atom which was in contact with either two adsorbed hydro- 


gen atoms or an adsorbed hydrogen molecule. Rate of the reaction was found to depend 


upon the voltage difference between electrode and solution. The stibine formed was 
inert to acid, but was readily decomposed by alkali. Stibine is probably formed by dis- 


charge of a water molecule on two adsorbed hydrogen atoms or a hydrogen molecule. De- 


creased rates of stibine formation in highly acid solution are thought to mean that high 


voltages, and, therefore, high overvoltages are not associated with hydronium ion dis- 


charge, but with water discharge. 


INTRODUCTION 


This is a report of an experimental investigation 
into the evolution of stibine at antimony cathodes. 
It was undertaken in continuation of work already 
performed in these laboratories which has indicated 
that water is reduced at platinum (1) and lead (2) 
cathodes at current densities above 10-60 ma/ cm’, 
even in fairly strong acid. Previous reports on stibine 
formation were contradictory (3, 4) and were felt 
to be unreliable. 


EXPERIMENTAL TECHNIQUE 
Method 


This was in principle very simple. The mixture of 
cathode gases was swept out of the apparatus and 
into an absorption tube by means of a stream of 
finely divided hydrogen bubbles. The absorbing 
solution was then analyzed for antimony. 

In practice there were several difficulties. Quanti- 
ties of stibine were so small that a microanalysis 
had to be performed. The gas is so unstable that 
rapid flushing of the electrolytic cell was necessary, 
with care being taken, however, not to sweep the 
gas through the absorption tube. Also, pH changes 
around the cathode affected the observed rates. 
Finally, the reaction is voltage dependent and 
therefore sensitive to small amounts of impurities. 


Apparatus 


The cell was a large U-tube, equipped with a 
standard taper ground glass joint at each end, with 


a fritted glass gas inlet near the bottom of the 
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cathode limb. This fritted glass inlet served to brea) 
the incoming stream of gas into small bubbles wh 
would stir and scour the solution more effectively 

Ground glass fittings provided suitably gas-tigh 
connections without the use of rubber or cemen 

Klectrodes were mounted in glass caps sealed | 
ground glass joints which fitted into the ends of th 
U-tube. Each cap had a gas outlet. The outlet 
the cathode cap was a glass tube of 7 mm ine 
diameter which terminated in another ground glas 
joint. 

The anode was a strip of bright platinum appro) 
mately 6 cm? in area connected to a platinum \ 
sealed into the cap. The cathode was an antimo 
cylinder mounted on the end of an iron shaft « 
closed in a Teflon sleeve. The shaft was mounted 
a glass rod sealed into the glass cap. The spac 
between the wall of the glass and the Teflon was 
filled with polyethylene to prevent gas leaks. Th 
space between the antimony cylinder and the Teflo 
sleeve was also covered with polyethylene to preve! 
contact between solution and iron shaft. The flat 
bottom of the cylinder was covered with pol 
ethylene, leaving as the working surface of th 
cathode a ring of antimony between the two pol) 
ethylene surfaces. This, it was felt, would mainta! 
an approximately uniform current density over th 
electrode surface. 

The absorption tube was a glass bubble 


with a ground glass tip on the inlet which fitted 


into the joint on the outlet of the cathode cap 
The absorbing solution was about 40 em from th 
cathode. 

Current was obtained from the power line, regu 


lated with a Variac-rectifier and measured with 4 


precision ammeter. Time was measured with 
stopwatch. 
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Materials ; 500 


| solutions were made from C.P. analyzed 
nicals. The scouring gas was tank hydrogen 
od over hot copper to remove oxygen. The ab- 
hing solution used was 6% mercuric chloride in 400+ 
PHC! 
The antimony used was C.P. analyzed grade, 
wining no more than 0.04% of arsenic and 
15% of iron. The electrode was cast in glass 3 
j machined down to proper dimensions, which 00F 

finally, 0.77 em diameter and 1.27 cm in 
vit. After machining, the electrode was cleaned 
eatedly by etching with HCl, HNOs, and hot 
4, aqua regia. This etching process was repeated 200 


(M¢-5 MIN 


1 


ently during the course of these experiments 
heck runs were made before and after cleaning 

minimize the effect of impurities depositing out 
g the runs. 100+ 

Proce dure 


\fter introducing the electrodes and the solution 














tiohs to the | ell, the solution was scoured with hydrogen 0 2 
:j min to remove as much dissolved oxygen as 100 = 200 40) P 600 
sible. The absorption tube was then inserted MILLIAMPS / CM 
urrent was started. Amounts of stibine ob- Fic. 1. vH effect. 25°C 

ed were linear with time and the time of current oH Acid and alk. Salt 
.  Msage was therefore varied from run to run so as @ 03 2-4M H.SO, 

tain optimum amounts of absorbed stibine for a 1.3 H.SO, 0.4M Na SO, 
2.6 H.SO, 
5.0 1M NaSO, 
1.5 NaOH 
5.0 


vsis. All results have been calculated on a 5-min 
me interval basis. 


re . ar l 
\iter cutting off the current, the cell was flushed * 1M (NH,).SO, 


more minutes before removing the absorption 


This removed all stibine from the gas space nins ee 

; , es microgram. This precision is far greater than that of 

er the electrode and the electrolytic solution. The 

d Crag goes Ye the over-all experimental results. 

el was also flushed for 2-3 min between runs to ‘ ; ; — 

Da oe Some solutions were used for individual runs, 

move any oxygen which might have diffused over , i 

: v5 others for a whole series. There were frequent 
- rom the anode limb. a 

rit checks run, some after several months, to see if the 

Py \o provision was made to flush out the anode 

iM _ ' results were reproducible from day to day and solu- 

bmpartment. The small amount of oxygen which : 

. tion to solution. 


4 iid diffuse the 5 em from the anode through the 

, H stirred anolyte to the bend In the | -tube, In the EXPERIMENTAL RESULTS 

+] jort time of the experiment, would be flushed I an Fj r 

tesults are shown in Fig. 1 to 4. These give the 

Hy nupidly away by the hydrogen stream. Any small eas = 
amounts of stibine detected as micrograms per 

a mount eventually reaching the surface of the , spe 
rae . . ' square centimeter of cathode surface per 5-min 

th ithode should have little effect at these high 


aa as interval, or as current passed, plotted against current 
irrent densities. In retrospect, this is a potential 7a “ar ; 
. Pa density. These indicate the following: 

él urce of error and, in future work, both limbs will each: : ela ie ba 
fushed etal anh 1. Stibine evolution increases with current density 

et *Tushed or separated w a diaphragm. : 
_— r separat 1th @ diaphragm at a greater than linear rate. 


i} The absorhi j ras ¢ 97-98% effi- P ‘ . sale 
¢ absorbing solution was about 97-98% effi 2. Maximum amounts of stibine detected were 


he Cent. 


s determined by inserting a second bubbler produced in neutral solutions buffered with am- 


‘eries with the first. The flow rate was set at about monium ions (to minimize pH changes at the 
cc of gas/min and regulated with a flow meter cathode). Buffered solutions show an increase in 
and valve, rate up to at least pH 5, while unbuffered solutions 


\nalysis was made by the standard Rhodamine-B show a maximum at about pH 2.6 to 3. 


method, which is accurate and precise to less than a 3. Increasing acidity or alkalinity in the cell 
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400 
MILLIAMPS / cm* 


Fic. 2. Salt effect, 25°C. A—M (NH,).SO,; 
(NH,).S80,; A—M NaSO,;; @—'6M NaSO,. 
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400 
MILLIAMPS / CM2 
Temperature effect, pH 5 


5°C; @—5°C; A—35°C 
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AMPS / cm* 


Fic. 4. Temperature effect, acid. A—5°C 2M H.SO,; 
@—35°C 2M H.SO,. 





ber 1951 
lowers the amount of stibine absorbed in t bubbler 


alkaline solutions showing lower amount- >f stibine 


than acid solutions of the same conce ration 


el] gave 
» EXcept 
lensitieg, 


t. Higher salt concentrations in the 
smaller amounts of stibine in the bubb 
for unbuffered solutions at high current 
In this case, more concentrated solutions 


ad lower 
rates than more dilute ones at low currents oply 
and had higher rates at higher current densities, 
error, 

5. There is no appreciable temperature effeg 
in the range from 5° to 35°C, in buffered neutral 
solutions and in acid solutions. 


This crossover may be due to experiment: 


6. Amounts of stibine actually absorbed app 


very small, being at most about a milligram per 


square centimeter per five’ minutes of current 
passage. 

7. At higher current densities in the unbuffered 
neutral solutions there is a decrease in the amounts 
of stibine absorbed. 

Further qualitative observations which are not 
shown in the graphs are as follows: 

8. Variations in rate of flow of the flush gas ip 
neutral and acid solutions had no effect on the 
amounts of stibine absorbed in the receiver. No 
flow rate variations were run in alkaline solutions 

9. A black powdery antimony precipitate formed 
on the walls and in solutions with alkaline solutions, 
as reported by Sand and coworkers (3, 4), but not 
with acid solutions. 

10. Traces of lead, added as the acetate, resulted 
in greatly increased stibine production. 

11. Allowing metallic antimony to contact th 
surface of a mercury cathode which was evolving 
hydrogen at about 80 ma/cm? resulted in the forma- 
tion of very large amounts of stibine. 

12. In the absence of oxidizing agents, stibine 
was not absorbed when bubbled through solutions 
of N/10 acid, N10 alkali, distilled water or neutra 
salt. Some was absorbed by 40% KOH. 


Discussion OF RESULTS 


In the following discussion, it is necessary 
remember that the graphs do not show amounts 0! 
stibine actually produced, but oaly amounts © 
stibine absorbed in the receiver, this being the 
difference between rates of production and @ 
decomposition. 

In the case of acid and neutral solutions, however, 
decomposition apparently does not take place during 
the short time the stibine remains in the cell. This 
is indicated by points 8 and 9 above. If stibine wer 
being decomposed in the cell, a slower gas fio 
would lower the amounts received in the bubbler 
and also result in some antimony powder being 





